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DECLARATION OF AVI ASHKENAZI. Ph.D UNDER 37 C.F.R. S 1.132 

I, Avi Ashkenazi, Ph.D. declare and say as follows: - 

1 . .1 am Director and Staff Scientist at the Molecular Oncology Department of 
Genentech, Inc., South San Francisco, CA 94080. 

2. I joined Genentech in 1988 as a postdoctoral fellow. Since then, I have 
investigated a variety of cellular signal transduction mechanisms, including apoptosis, and have 
developed technologies to modulate such mechanisms as a means of therapeutic intervention in 
cancer and autoimmune disease. I am currently involved in the investigation of a series of 
secreted proteins over-expressed' in tumors, with the aim to identify useful targets for the 
development of therapeutic antibodies for cancer treatment. 

3. My scientific Curriculum Vitae, including my Ust of publications, is attached to 
and forms part of this Declaration (Exhibit A). 

4. Gene amplification is a process in which chromosomes undergo changes to 
contain multiple copies of certain genes that normally exist as a single copy, and is an important 
factor in the pathophysiology of cancer. AmpUfication of certain genes (e.g., Myc or Her2/Neu) 
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gives cancer cells a growth or survival advantage relative to normal cells, and might also provide 
a mechanism of tumor cell resistance to chemotherapy or radiotherapy. 

5. If gene amphfication results in over-expression of the mRNA and the 
corresponding gene product, then it identifies that gene product as a promising target for cancer 
therapy, for example by the therapeutic antibody approach. Even in the absence of over- 
expression of the gene product, amplification of a cancer marker gene - as detected, for example, 
by the reverse transcriptase TaqMan® PGR or the fluorescence in situ hybridization (FISH) 
assays -is useful in the diagnosis or classification of cancer, or in predicting or monitoring the 
efficacy of cancer therapy. An increase in gene copy number can result not only from 
intrachromosomal changes but also from chromosomal aneuploidy. It is important to understand 
that detection of gene amplification can be used for cancer diagnosis even if the determination 
includes measurement of chromosomal aneuploidy. Indeed, as long as a significant difference 
relative to normal tissue is detected, it is irrelevant if the signal originates from an increase in the 
number of gene copies per chromosome and/or an abnormal number of chromosomes. 

6. I understand that according to the Patent Office, absent data demonstrating that 
the increased copy number of a gene in certain types of cancer leads to increased expression of 
its product, gene amplification data are insufficient to prpvide substantial utility or well 
established utiUty for the gene product (the encoded polypeptide), or an antibody specifically 
binding the encoded polypeptide. However, even when amplification of a cancer marker gene 
does not result in significant over-expression of the corresponding gene product, this very 
absence of gene product over-expression still provides significant information for cancer 
diagnosis and treatment. Thus, if over-expression of the gene product does not parallel gene 
amplification in certain tumor types but does so in others, then parallel monitoring of gene 
amplification and gene product over-expression enables more accurate tumor classification and 
hence better determination of suitable therapy. In addition, absence of over-expression is crucial 
information for the practicing clinician. If a gene is amplified but the corresponding gene 
product is not over-expressed, the clinician accordingly will decide not to treat a patient with 
agents that target that gene product. 

7. I hereby declare that all statements made herein of my own knowledge are true 
and that all statements made on information or belief are believed to be true, and further that 
these statements were made with the knowledge that willful false statements and the like so 



made are punishable by fine or imprisonment, or both, under Section 1001 of Title 18 of the 
United States Code and that such willful statements may jeopardize the vaUdity of the 
application or any patent issued thereon. 
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Editorial: 

Editorial Board Member: Current Biology 
Associate Editor, Clinical Cancer Research. 
Associate Editor, Cancer Biology and Therapy. 
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Inhibition of erythroid colony formation in vitro by gamma interferon. In 
Molecular Biology of Hematopoiesis (N. Abraham, R. Shadduck, A. Levine F. 
Takaku, eds.) Intercept Ltd. Paris, Vol. 3, p. 135-147 (1994). . 

7. Ashkenazi, A . Cytokine neutraUzation as a potential therapeutic approach for 
SIRS and shock. 1 Biotechnology in Healthcare h 197-206 (1994). 

8. Ashkenazi, A ., and Chamow, S. M. Immunoadhesins: an altemative to human 
monoclonal antibodies. Immunomethods: A companion to Methods in 
Enzimology 8, 104-115 (1995). 

9. Chamow, S., and Ashkenazi, A . Immunoadhesins: Principles and Applications. 
Trends Biotech. 14, 52-60 (1996). 

10. Ashkenazi, A ., and Chamow, S. M. Immunoadhesins as research tools and 
therapeutic agents. Curr. Opin. Immunol 9, 195-200 (1997).' 

1 1 . Ashkenazi, A ., and Dixit, V. Death receptors: signaling and modulation. Science 
281, 1305-1308 (1998). 

12. Ashkenazi, A ., and Dixit, V. Apoptosis control by death and decoy receptors. 
Curr. Opin, Cell Biol 11, 255-260 (1999). 
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13. Ashkenazi, A . Chapters on Apo2L/TRArL; DR4, DR5, DcRl, DcR2; and DcR3. 
Online Cytokine Handbook f www.apnet.com/cvtokinereference/ ). 

14. Ashkenazi. A . Targeting death and decoy receptors of the tumor necrosis factor 
superfamily. Nature Rev. Cancer 2, 420-430 (2002). 

15. LeBlanc, H. and Ashkenazi, A . Apoptosis signaling by Apo2L/TRAIL. Cell Death 
and Differentiation 10, 66-75 (2003). 

16. Almasan, A. and Ashkenazi, A . Apo2L/TRAIL: apoptosis signaling, biology, and 
potential for cancer therapy. Cytokine and Growth Factor Reviews 14, 337-348 
(2003). 

Book: 

Antibody Fusion Proteins (Chamow, S., and Ashkenazi, A ., eds., John Wiley and 
Sons Inc.) (1999). 

Talks: 

1 . Resistance of primary HIV isolates to CD4 is independent of CD4-gp 1 20 binding 
affinity. UCSD Symposium, HIV Disease: Pathogenesis and Therapy. 
Greenelefe, FL, March 1991. 

2. Use of immuno-hybrids to extend the half-life of receptors. EBC conference on 
Biopharmaceutical Halflife Extension. New Orleans, LA, June 1992. 

3. Results with TNF receptor Immunoadhesins for the Treatment of Sepsis. IBC 
conference on Endotoxemia and Sepsis.^ Philadelphia, PA, June 1992. 

4. . immunoadhesins: an alternative to human antibodies. IBC conference on 

Antibody Engineering. San Diego, CA, December 1993. 

5. Tumor necrosis factor receptor: a potential therapeutic for human septic shock. 
American Society for Microbiology Meeting, Atlanta, GA, May 1993. 

6. Protective efficiacy of TNF receptor immunoadhesin vs anti-TNF monoclonal 
antibody in a rat model for endotoxic shock. 5th International Congress on TNF. 
Asilomar, CA, May 1994. 

7. Interferon-y signals via a multisubunit receptor complex that contains two types of 
polypeptide chain. American Association of Immunologists Conference. San 
Franciso,CA, July 1995. 

8. Immunoadhesins: Principles and Applications. Gordon Research Conference on 
Drug Delivery in Biology and Medicine. Ventura, CA, February 1996. 
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9. Apo-2 Ligand, a new member of the TNF family that induces apoptosis in tumor 
cells. Cambridge Symposium on TNF and Related Cytokines in Treatment of 
Cancer. Hilton-Head, NC, March 1996. 

10. Induction of apoptosis by Apo2 Ligand. American Society for Biochemistry and 
Molecular Biology, Symposium on Growth Factors and Cytokine Receptors. New 
Orleans, LA, June, 1996. 

11. Apo2 ligand, an extracellular trigger of apoptosis. 2nd Clontech Symposium, 
Palo Alto, CA, October 1 996. 

12. Regulation of apoptosis by members of the TNF hgand and receptor families. 
Stanford University School of Medicine, Palo Alto, CA, December 1996. 

13. Apo-3: anovel receptor that regulates cell death and inflammation. 4th 
Intemational Congress on hnmune Consequences of Trauma, Shock, and Sepsis. 
Munich, Germany, March 1 997 . 

14. New members of the TNF ligand and receptor famihes that regulate apoptosis, 
inflammation, and immunity. UCLA School of Medicine, LA, CA, March 1997. 

15. Immunoadhesins: an alternative to monoclonal antibodies. 5th World Conference 
on Bispecific Antibodies. Volendam, Holland, June 1997. 

1 6. Control of Apo2L signaling. Cold Spring Harbor Laboratory Symposium on 
Programmed Cell Death. Cold Spring Harbor, New York. September, 1997. 

17. Chairman and speaker, Apoptosis Signaling session. IBC's 4th Annual 
Conference on Apoptosis. San Diego, CA., October 1997. 

18. Control of Apo2L signaling by death and decoy receptors. American Association 
for the Advancement of Science. Philladelphia, PA, February 1998. 

19. Apo2 ligand and its receptors. American Society of hnmunologists. San 
Francisco, CA, April 1998. 

20. Death receptors and ligands. 7th Intemational TNF Congress. Cape Cod, MA, 
May 1998. 

21. Apo2L as a potential therapeutic for cancer. UCLA School of Medicine. LA, 
CA, June 1998. 

22. Apo2L as a potential therapeutic for cancer. Gordon Research Conference on 
Cancer Chemotherapy. New London, NH, July 1998. 

23. Control of apoptosis by Apo2L. Endocrine Society Conference, Stevenson, WA, 
August 1998. 

24. Control of apoptosis by Apo2L. Intemational Cytokine Society Conference, 
Jemsalem, Israel, October 1998. 
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25. Apoptosis control by death and decoy receptors. American Association for 
Cancer Research Conference, Whistler, BC, Canada, March 1999. 

26. Apoptosis control by death and decoy receptors. American Society for 
Biochemistry and Molecular Biology Conference, San Francisco, CA, May 1999. 

27. Apoptosis control by death and decoy receptors. Gordon Research Conference on 
Apoptosis, New London, NH, June 1999. 

28. Apoptosis control by death and decoy receptors. Arthritis Foundation Research 
Conference, Alexandria GA, Aug 1999. 

29. Safety and anti-tumor activity of recombinant soluble Apo2L/TRA]L. Cold 
Spring Harbor Laboratory Symposium on Programmed Cell Death. . Cold Spring 
Harbor, NY, September 1999. 

30. The Apo2L/TRAIL system: therapeutic potential. American Association for 
Cancer Research, Lake Tahoe, NV, Feb 2000. 

3 1 . Apoptosis and cancer therapy. Stanford University School of Medicine, Stanford, 
CA, Mar 2000. 

32. Apoptosis and cancer therapy. University of Pennsylvania School of Medicine, 
Philladelphia, PA, Apr 2000. 

33. Apoptosis signaling by Apo2L/TRAIL. Intemational Congress on TNF. 
Trondheim, Norway, May 2000. 

34. The Apo2L/TRAIL system: therapeutic potential. Cap-CURE sunmiit meeting. 
Santa Monica, CA, June 2000. 

35. The Apo2L/TRAIL system: therapeutic potential. MD Anderson Cancer Center. 
Houston, TX, June 2000. 

36. Apoptosis signaling by Apo2L/TRAIL. The Protein Society, l^^*" Symposium. 
San Diego, CA, August 2000. 

37. Anti-tumor activity of Apo2L/TRAIL. AAPS annual meeting. Indianapolis, IN 
Aug 2000. 

38. Apoptosis signaling and anti-cancer potential of Apo2L/TRAIL. Cancer Research 
Institute, UC San Francisco, CA, September 2000. 

39. . Apoptosis signaling by Apo2L/TRAIL. Kenote address, TNF family 
Minisymposium, NIH. Bethesda, MD, September 2000. 

40. Death receptors: signaling and modulation. Keystone symposium on the 
Molecular basis of cancer. Taos, NM, Jan 2001 . 

41 . Preclinical studies of Apo2L/TRAIL in cancer. Symposium on Targeted therapies 
in the treatment of lung cancer. Aspen, CO, Jan 2001. 
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42. Apoptosis signaling by Apo2L/TRAIL. Wiezmann Institute of Science, Rehovot, 
Israel, March 2001. 

43. Apo2L/TRAIL: Apoptosis signaling and potential for cancer therapy. Weizmann 
Institute of Science, Rehovot, Israel, March 2001 . 

44. Targeting death receptors in cancer with Apo2L/TRAIL. Cell Death and Disease 
conference, North Fahnouth, MA, Jun 2001. 

45. Targeting death receptors in cancer with Apo2L/TRAIL. Biotechnology 
Organization conference, San Diego, CA, Jun 2001 . 

46. Apo2L/TRAIL signaling and apoptosis resistance mechanisms. Gordon Research 
Conference on Apoptosis, Oxford, UK, July 2001. 

47. Apo2L/TRAIL signaling and apoptosis resistance mechanisms. Cleveland Clinic 
Foundation, Cleveland, OH, Oct 2001. 

48. Apoptosis signaling by death receptors: overview. Intemational Society for 
Interferon and Cytokine Research conference, Cleveland, OH, Oct 2001. 

49. Apoptosis signaling by death receptors. American Society of Nephrology 
Conference. San Francisco, CA, Oct 2001. 

50. Targeting death receptors in cancer. Apoptosis: commercial opportunities. San 
Diego, CA, Apr 2002. 

5 1 . Apo2L/TRAIL signaling and apoptosis resistance mechanisnis. Kimmel Cancer 
Research Center, Johns Hopkins University, Baltimore MD. May 2002. 

52. Apoptosis control by Apo2L/TRAIL. (Keynote Address) University of Alabama 
Cancer Center Retreat, Birmingham, Ab. October 2002. 

53. Apoptosis signaling by Apo2L/TRAIL. (Session co-chair) TNF intemational 
conference. San Diego, CA. October 2002. 

54. Apoptosis signaling by Apo2L/TRAIL. Swiss Institute for Cancer Research 
(ISREC). Lausanne, Swizerland. Jan 2003. 

55. Apoptosis induction with Apo2L/TRAIL. Conference on New Targets and 
Innovative Strategies in Cancer Treatment. Monte Carlo. February 2003. 

56. Apoptosis signaling by Apo2L/TRAIL. Hermelin Brain Tumor Center 
Symposium on Apoptosis. Detroit, MI. April 2003. 

57. Targeting apoptosis through death receptors. Sixth Annual Conference on 
Targeted Therapies in the Treatment of Breast Cancer. Kona, Hawaii. July 2003. 

58. Targeting apoptosis through death receptors. Second Intemational Conference on 
Targeted Cancer Therapy. Washington, DC. Aug 2003. 

Issued Patents: 
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Ashkenazi, A., Chamow, S. and Kogan, T. Carbohydrate-directed crosslinking 
reagents. US patent 5,329,028 (Jul 12, 1994). 

Ashkenazi, A., Chamow, S. and Kogan, T. Carbohydrate-directed crosslinking 
reagents. US patent 5,605,791 (Feb 25, 1997). 

Ashkenazi, A., Chamow, S. and Kogan, T. Carbohydrate-directed crosslinking 
reagents. US patent 5,889,155 (Jul 27, 1999). 
Ashkenazi, A., APO-2 Ligand. US patent 6,030,945 (Feb 29, 2000). 
Ashkenazi, A., Chuntharapai, A., Kim, J., APO-2 ligand antibodies. US patent 6, 
046, 048 (Apr 4, 2000). 

Ashkenazi, A., Chamow, S. and Kogan, T. Carbohydrate-directed crosslinking 
reagents. US patent 6,124,435 (Sep 26, 2000). 

Ashkenazi, A., Chuntharapai, A., Kim, J., Method for making monoclonal and cross- 
reactive antibodies. US patent 6,252,050 (Jun 26, 2001). 
Ashkenazi, A. APO-2 Receptor. US patent 6,342,369 (Jan 29, 2002). 
Ashkenazi, A. Fong, S., Goddard, A., Gumey, A., Napier, M., Tumas, D., Wood, W. 
A-33 polypeptides. US patent 6,410,708 (Jun 25, 2002). 
Ashkenazi, A. APO-3 Receptor. US patent 6,462, 176 B 1 (Oct 8, 2002). 
Ashkenazi, A. AP0-2LI and APO-3 polypeptide antibodies. US patent 6,469,144 Bl 
(Oct 22, 2002). 

Ashkenazi, A., Chamow, S. and Kogan, T. Carbohydrate-directed crosslinking 
reagents. US patent 6,582,928B1 (Jun 24, 2003). 
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DECLARATION OF AUDREY D. GODPARD. Ph.D UNDER 37 CRR. $ L132 



Assistant Commissioner of Patents 
Washington, D.C. 2023 1 

Sir: 

1, Audrey D. Goddard, Ph.D. do hereby declare and say as follows: 

1 . I am a Senior Clinical Scientist at the Experimental Medicine/BioOncology, Medical 
Affairs Department of Genentech, Inc., South San Francisco, California 94080. 

2. Between 1 993 and 200 1 , 1 headed the DNA Sequencing Laboratory at the Molecular 
Biology Department of Genentech, Inc. During this time, my responsibilities included the 
identification and characterization of genes contributing to the oncogenic process, and determination 
of the chromosomal localization of novel genes. 

3. My scientific Curriculum Vitae, including my list of publications, is attached to and 
fonns part of this Declaration (Exhibit A). 



Serial No.: * 
Filed; * 



4. I am familiar with a variety of techniques known in the art for detecting and 
quantifying the amplification of oncogenes in cancer, including the quantitative TaqMan PCR (i.e., 
"gene amplification") assay described in the above captioned patent application. 

5. The TaqMan PCR assay is described, for example, in the following scientific 
publications: Higuchi et al. Biotechnology 10:413-417 (1992) (Exhibit B); Livak et al, PCR 
Methods ApdL. 4:357-362 (1995) (Exhibit C) and Heid et al. Genome Res. 6:986-994 (1996) - 
(Exhibit D). Briefly, the assay is based on the principle that successful PCR yields a fluorescent 
signal due to Taq DNA polymerase-mediated exonuclease digestion of a fluorescently labeled 
oligonucleotide that is homologous to a sequence between two PCR primers. The extent of 
digestion depends directly on the amount of PCR, and can be quantified accurately by measuring the 
increment in fluorescence that results from decreased energy transfer. This is an extremely sensitive 
technique, which allows detection in the exponential phase of the PCR reaction and, as a result, 
leads to accurate determination of gene copy number. 

6. The quantitative fluorescent TaqMan PCR assay has been extensively and 
successfully used to characterize genes involved in cancer development and progression. 
Amplification of protooncogenes has been studied in a variety of human tumors, and is widely 
considered as having etiological, diagnostic and prognostic significance. This use of the quantitative 
TaqMan PCR assay is exemplified by the following scientific publications: Pennica et al, Proc. 
Natl. Acad. Sci. USA 95(25): 1471 7-1 4722 (1998) (Exhibit E); Pitti et aL, Nature 
396(6712);699-703 (1998) (Exhibit?) andBieche etai. Int. J. Cancer 78:661-666 (1998) (Exhibit 
G), the first two of which I am co-author. In particular, Pennica et al have used the quantitative 
TaqMan PCR assay to study relative gene amplification of WISP and c-myc in various cell lines, 
colorectal tumors and normal mucosa. Pitti et al studied the genomic amplification of a decoy 
receptor for Fas ligand in lung and colon cancer, using the quantitative TaqMan PCR assay. Bieche 
et al used the assay to study gene amplification in breast cancer. 



Serial No.: * 
Filed:* 

7. It is my personal experience that the quantitative TaqMan PGR technique is 
technically sensitive enough to detect at least a 2-fold increase in gene copy number relative to 
control. It is further my considered scientific opinion that an at least 2-fold increase in gene copy 
number in a tumor tissue sample relative to a normal (i.e., non-tumor) sample is significant and 
useful in that the detected increase in gene copy number in the tumor sample relative to the normal 
sample serves as a basis for using relative gene copy number as quantitated by the TaqMan PGR 
technique as a diagnostic marker for the presence or absence of tumor in a tissue sample of unknown 
pathology. Accordingly, a gene identified as being amplified at least 2-fold by the quantitative 
TaqMan PGR assay in a tumor sample relative to a normal sample is useful as a marker for the 
diagnosis of cancer, for monitoring cancer development and/or for measuring the eflBcacy of cancer 
therapy. 

8. I declare further that all statements made herein of my ovm knowledge are true and 
that all statements made on information and belief are believed to be true. I declare that these 
statements were made with the knowledge that willful false statements and the like so made are 
punishable by fme or imprisonment, or both, under Section 1001 of Title 18 of the United States 
Gode, and that such willful false statements may jeopardize the vaHdity of the application or any 
patent issuing thereon. 

Date Audrey D. Goddard, Ph.D. 



.3- 



AUDREY D. GODDARD, Ph.D. 



Genentech, Inc. 
1 DNA Way 

South San Francisco, CA, 94080 

650.225.6429 

goddarda@gene.com 



110 Congo St. 

San Francisco, CA. 94131 

415.841.9154 

415.819.2247 (mobile) 

agoddard@pacbell.net 



PROFESSIONAL EXPERIENCE 



Genentech, Inc. 



1993-present 



South San Francisco, CA 

2001 - present Senior Clinical Scientist 

Experimental Medicine / BioOncology, Medical Affairs 

Responsibilities: 

• Companion diagnostic oncology products 

• Acquisition of clinical samples from Genentech's clinical trials fortranslational research 

• Translational research using clinical specimen and data for drug development and 
diagnostics 

• Member of Development Science Review Committee, Diagnostic Oversight Team, 21 CFR 
Part 1 1 Subteam 

Interests: 

• Ethical and legal implications of experiments with clinical specimens and data 

• Application of pharmacogenomics in clinical trials 



1998-2001 Senior Scientist 

Head of the DNA Sequencing Laboratory. Molecular Biology Department, Research 
Responsibilities: 

• Management of a laboratory of up to nineteen -including postdoctoral fellow, associate 
scientist, senior research associate and research assistants/associate levels 

• Management of a $750K budget 

• DNA sequencing core facility supporting a 350+ person research facility, 

• DNA sequencing for high throughput gene discovery, - ESTs, cDNAs, and constructs 

• Genomic sequence analysis and gene identification 

• DNA sequence and primary protein analysis 

Research: 

• Chromosomal localization of novel genes 

• Identification and characterization of genes contributing to the oncogenic process 

• Identification and characterization of genes contributing to inflammatory diseases 

• Design and development of schemes for high throughput genomic DNA sequence analysis 

• Candidate gene prediction and evaluation 



Audrey D. Goddard, Ph.D page 2 of 9 



1993-1998 



Scientist 



Head of the DNA Sequencing Laboratory, Molecular Biology Department, Research 
Responsibilities 

• DNA sequencing core facility supporting a 350+ person research facility 

• Assumed responsibility for a pre-existing team of five technicians and expanded the group 
into fifteen, introducing a level of middle management and additional areas of research 

• Participated in the development of the basic plan for high throughput secreted protein 
discovery program - sequencing strategies, data analysis and tracking, database design 

• High throughput EST and cDNA sequencing for new gene identification, 

• Design and implementation of analysis tools required for high throughput gene identification. 

• Chromosomal localization of genes encoding novel secreted proteins. 

Research: 

• Genomic sequence scanning for new gene discovery. 

• Development of signal peptide selection methods. 

• Evaluation of candidate disease genes. 

• Growth hormone receptor gene SNPs in children with Idiopathic short stature 

Imperial Cancer Research Fund 1989-1992 
London, UK with Dr. Ellen Solomon 

6/89 -12/92 Postdoctoral Fellow 

• Cloning and characterization of the genes fused at the acute promyelocytic leukemia 
translocation breakpoints on chromosomes 17 and 15. 

• Prepared a successfully funded European Union multi-center grant application 

McMaster University 1983 
Hamilton, Ontario, Canada with Dr. G. D. Sweeney 

5/83 - 8/83: NSERC Summer Student 

• In vitro metabolism of p-naphthoflavone in C57BI/6J and DBA mice 



EDUCATION 



Ph.D. 



University of Toronto 
Toronto, Ontario, Canada. 
Department of Medical 
Biophysics. 



"Phenotypic and genotypic effects of mutations in 
the human retinoblastoma gene." 
Supervisor: Dr. R. A. Phillips 



1989 



Honours B.Sc 

"The in vitro metabolism of the cytochrome P-448 
inducer p-naphthoflavone in C57BL/6J mice." 
Supervisor: Dr. G. D. Sweeney 



McMaster University, 
Hamilton, Ontario, Canada. 
Department of Biochemistry 



1983 
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ACADEMIC AWARDS 



Imperial Cancer Research Fund Postdoctoral Fellowship 

Medical Research Council Studentship 

NSERC Undergraduate Summer Research Award 

Society of Chemical Industry Merit Award (Hons. Biochem.) 

Dr. Harry Lyman Hooker Scholarship 

J.LW. Gill Scholarship 

Business and Professional Women's Club Scholarship 
Wyerhauser Foundation Scholarship 



1989-1992 
1983-1988 
1983 



1983 



1981-1983 
1981-1982 
1980-1981 
1979-1980 



INVITED PRESENTATIONS 

Genentech's gene discovery pipeline: High throughput identification, cloning and 
characterization of novel genes. Functional Genomics: From Genome to Function. Litchfield 
Park. AZ. USA. October 2000 

High throughput identification, cloning and characterization of novel genes. G2K:Back to 
Science, Advances in Genome Biology and Technology I. Marco Island, FL. USA. February 



Quality control in DNA Sequencing: The use of Phred and Phrap. Bay Area Sequencing 
Users Meeting, Berkeley. CA. USA. April 1999 

High throughput secreted protein identification and cloning. Tenth International Genome 
Sequencing and Analysis Conference. Miami. FL, USA. September 1998 

The evolution of DNA sequencing: The Genentech perspective. Bay Area Sequencing Users 
Meeting. Berkeley, CA, USA. May 1998 

Partial Growth Hormone Insensitivity: The role of GH-receptor mutations in Idiopathic Short 
Stature. Tenth Annual National Cooperative Growth Study Investigators Meeting, San 
Francisco, CA, USA. October. 1996 

Growth hormone (GH) receptor defects are present in selected children with non-GH-deficient 
short stature: A molecular basis for partial GH-insensitivity. 76*^ Annual Meeting of The 
Endocrine Society, Anaheim, CA, USA. June 1994 

A previously uncharacterized gene, myl. is fused to the retinoic acid receptor alpha gene in 
acute promyelocytic leukemia. XV International Association for Comparative Research on 
Leukemia and Related Disease. Padua. Italy. October 1991 



2000 
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PATENTS 

Goddard A, Godowski PJ, Gurney AL. NL2 Tie ligand homologue polypeptide. Patent 
Number: 6,455.496. Date of Patent: Sept. 24, 2002. 

Goddard A, Godowski PJ and Gurney AL. NL3 Tie ligand homologue nucleic acids. Patent 
Number: 6.426,218. Date of Patent: July 30, 2002. 

Godowski P, Gurney A, Hillan KJ, Botstein D, Goddard A, Roy M. Ferrara N. Tumas D, 
Schwall R. NL4 Tie ligand homologue nucleic acid. Patent Number: 6,4137,770, Date of 
Patent: July 2. 2002. 

Ashkenazi A. Fong S. Goddard A, Gurney AL, Napier MA, Tumas D, Wood WL Nucleic acid 
encoding A-33 related antigen poly peptides. Patent Number: 6,410,708. Date of Patent:: 
Jun. 25. 2002. 

Botstein DA. Cohen RL. Goddard AD, Gurney AL, Hillan KJ, Lawrence DA. Levine AJ. 
Pennica D. Roy MA and Wood WI. WISP polypeptides and nucleic acids encoding same. 
Patent Number: 6,387.657. Date of Patent: May 14, 2002. 

Goddard A. Godowski PJ and Gurney AL. Tie ligands. Patent Number: 6,372,491. Date of 
Patent: April 16, 2002. 

Godowski PJ, Gurney AL. Goddard A and Hillan K. TIE ligand homologue antibody. Patent 
Number: 6,350.450. Date of Patent: Feb. 26. 2002. 

Fong S. Ferrara N, Goddard A. Godowski PJ. Gurney AL, Hillan K and Williams PM. Tie 
receptor tyrosine kinase ligand homologues. Patent Number: 6,348,351 . Date of Patent: 
Feb. 19. 2002. 

Goddard A. Godowski PJ and Gurney AL. Ligand homologues. Patent Number: 6.348,350. 
Date of Patent: Feb. 19. 2002. 

Attie KM, Carlsson LMS, Gesundheit N and Goddard A. Treatment of partial growth 
hormone insensitivity syndrome. Patent Number: 6,207,640, Date of Patent: March 27. 
2001, 

Fong S, Ferrara N, Goddard A, Godowski PJ. Gurney AL. Hillan K and Williams PM, Nucleic 
acids encoding NL-3.. Patent Number: 6,074,873. Date of Patent: June 13, 2000 

Attie K. Carlsson LMS, Gesunheit N and Goddard A. Treatment of partial growth hormone 
insensitivity syndrome. Patent Number: 5,824,642. Date of Patent: October 20, 1998 

Attie K, Carlsson LMS. Gesunheit N and Goddard A. Treatment of partial growth hormone 
insensitivity syndrome. Patent Number: 5.646,1 13. Date of Patent: July 8, 1997 

Multiple additional provisional applications filed 
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PUBLICATIONS 

Seshasayee D, Dowd P. Gu Q, Erickson S, Goddard AD Comparative sequence analysis of 
the HER2 locus in mouse and man. Manuscript in preparation. 

Abuzzahab MJ, Goddard A, Grigorescu F. Lautier C, Smith RJ and Chernausek SD. Human 
IGF-1 receptor'mutations resulting in pre- and post-natal growth retardation. Manuscript in 
preparation. 

Agganwal S, Xie, M-H, Foster J, Frantz G. Stinson J, Corpuz RT, Simmons L. Hillan K, 
Yansura DG, Vandlen RL. Goddard AD and Gumey AL. FHFR, a novel receptor for the 
fibroblast grovvth factors. Manuscript submitted. 

Adams SH, Chui C, Schilbach SL, Yu XX, Goddard AD, Grimaidi JC, Lee J, Dowd P, Colman 
S., Lewin DA. (2001) BFIT, a unique acyl-CoA thioesterase induced in thermogenic brown 
adipose tissue: Cloning, organization of the human gene, and assessment of a potential link 
to obesity. Biochemical Journal 360: 1 35-142. 

Lee J. Ho WH. Maruoka M. Corpuz RT. Baldwin DT. Foster JS. Goddard AD. Yansura DG. 
Vandlen RL. Wood Wl. Gumey AL. (2001) IL-17E, a novel proinflammatory ligand for the IL- 
17 receptor homolog IL-17Rh1. Journal of Biological Chemistry 27e{2): 1660-1664. 

Xie M-H. Agganwal S, Ho W-H, Foster J, Zhang Z, Stinson J, Wood Wl, Goddard AD and 
Gumey AL. (2000) Interleukin (IL)-22, a novel human cytokine that signals through the 
interferon-receptor related proteins CRF2-4 and IL-22R. Journal of Biological Chemistry 275: 
31335-31339. 

Weiss GA, Watanabe CK, Zhong A, Goddard A and Sidhu SS. (2000) Rapid mapping of 
protein functional epitopes by combinatorial alanine scanning. Proc. Natl. Acad. Sci. USA 97: 
8950-8954. 

Guo S, Yamaguchi Y. Schilbach S. Wada T.;Lee J, Goddard A, French D , Handa H, 
Rosenthal A. (2000) A regulator of transcriptional elongation controls vertebrate neuronal 
development. Nature 408: 366-369. 

Yan M, Wang L-C, Hymowitz SG. Schilbach S, Lee J, Goddard A, de Vos AM, Gao WQ. Dixit 
VM. (2000) Two-amino acid molecular switch in an epithelial morphogen that regulates 
binding to two distinct receptors. Science 290: 523-527. 

Sehl PD, Tai JTN, Hillan KJ, Brown LA, Goddard A, Yang R, Jin H and Lowe DG. (2000) 
Application of cDNA microarrays in determining molecular phenotype in cardiac growth, 
development, and response to injury. Circulation 101: 1990-1999. 

Guo S, Brush J, Teraoka H. Goddard A, Wilson SW, Mullins MC and Rosenthal A. (1999) 
Development of noradrenergic neurons in the zebrafish hindbrain requires BMP, FGF8, and 
the homeodomain protein soulless/Phox2A. Neuron 24: 555-566. 

Stone D, Murohe, M, Luoh, S, Ye W, Armanini P, Gurney A, Phillips HS, Brush, J, Goddard 
A, de Sauvage FJ and Rosenthal A. (1999) Characterization of the human suppressor of 
fused; a negative regulator of the zinc-finger transcription factor Gli. J. Cell Sci. 112: 4437- 
4448." 

Xie M-H, Holcomb I, Deuel B, Dowd P, Huang A, Vagts A, Foster J, Liang J, Brush J, Gu Q, 
Hillan K, Goddard A and Gumey, A.L. (1999) FGF-19, a novel fibroblast growth factor with 
unique specificity for FGFR4. Cytokine 1 1 : 729-735. 
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Oligonucleotides with Fluorescent Dyes at 
Opposite Ends Provide a Quenched Probe 
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Th« 5' nucle«K« PCft mtxmy datsctc tll« 

AccumuUtlon specific PCR produdL 
hy hybridUaUQvi and cleavage of a 
double-Jabeled fluorog^nlc prob« 
during the ampllltcatlon reaction. 
The prote Is an ollgonud«otlde with 
both a r«port«r fluorescent dye airtd a 
quencher dye attached. An increase 
In reporter fluorescence Intensity in- 
dicates that the probe has hybridized 
to tha target PCR product and h«» 
been cleaved by the 5' -^3' nucle- 
olytlc activity of To^ DNA polymerflse. 
In this study^ probes with the 
quencher dy« Alinckoci to an Internal 
nudeotlde were compared with 
prober with the quencher dya at- 
tached to the 3'-end nucleotide. In all 
cases, the reporter dye was attached 
to the S' end. All Intact probec 
showed quenching or the reporter 
fluorescence. In general, probes with 
the quencher dye attached to the 3'- 
end nucleotide exhibited a larger sig- 
nal In the 5' nuclease PCR assay than 
the InternaJfy labeled probes, it Is 
proposed that the larger signal Is 
caused by Increased IlkeilhocKl »r 
cleavage by 7aq DNA polymerase 
when the probe Is hybridized to a 
template strand during PCR. Probes 
with the quendier dye attached lo 
the 3'>flnd nudootlda also tuchlblied 
an Increase In reporter fiuorAsc^nc* 
Inienftlty when hybridized lo a com- 
plemenlary strand. Tliu&# oligonucle- 
otides with reporter vnd quvncher 
dyes attached at opp site end* can 
be used as homogeneous hybrldlzn- 



llif wttniirmlwtluii of specific I*<;R prod- 
uct thol u$«,^ a doubU'-labclud fliioro- 
genie probe was dc.svvibcd by Lee et al/'^ 
The assay exploits the 5' - » 3' nude- 
olyilc activity of '/"nij DNA poly^ 
ijieiaat?*^'^^ miO OJuj^jmnK-d In I'iguie 1, 
'Flic fluoiogenlc pitjln^ I'onyi^t:; of an o]l- 
gon ucleolidi't ^ rvpurtcr fluorescent 
d/tt, >u^li iii u fJuorc^Lcln, attached to 
Uir 5' ttiid; uiiU ii quencher dye, such as a 
rhodaniino. aitachcd internally, When 
thy tluoresceln (s excited by irradjallon, 
lis fluortfscent cnilASlon will be 
quenched %i Uic jlimlaniiiic Is clas« 
enough to be excited through ih* prep- 
ress of nuofC5CCiu:f vrKTijy transler 
(l-Kr)/''-'> During ?C% if ^he probe is hy^ 
hr\<\\7xA lo a Icmplfllti ili^jiul, Taq DNA 
polymerase will cleave tJie prube be- 
cause of lis inherent S' --w 3' nucleolytic 
acUvily. If the cleavage occurs btrtwcen 
Die fluorescein and fhodamlnc dyes, it 
causes an increase in fluaicsvvin fluores- 
cence intensity because the ftuoresi^ein 
U nu longer cjue.nchccl, Tlie increase in 
fluorescein fluorescence inteiuiiy indi- 
calcs thut ilie probe-speclflc PCR product 
has birt-n geneniteO. Thus, PET between « 
icipuUej dyr and a quencher dye Is vx\x\~ 
cal lo llic performance of ihr piube iii 

Qucnrhing is ccimplricly dependent 
on the phy.sic:^l proximity of thv two 
dyci/''' &ecAu.sc of thb, h ha\ Xhzmix a.v 
Mimcd thot the qucncticr dye niu^L be 
uLlaclied neai the end. Suriirisin^Iy, 
we have f und thai attachlxig a rho- 
doiiiiite dye al llic 3' cnid of a pitiln: 



Pdla^suy, Jurthermorc, cleavage of this 
type of pn)he is not rcquuea to acnieve 
some reduction In quenclling*, Oligonu- 
cleotides with a reporter dyc on the 5' 
end and a quencher dye on the 3' end 
exhibit a much lalgher reporter fluorcs- 
ceiivc when rtoume-stranded as com- 
pared with single-stranded, liiis should 
make 3t possible to use this type of dou- 
ble, labeled protic for homogeneous de- 
tection of nucleic acid liyhrlUizatlon. 



MATERIAU AND METHODS 
Oligonucleotides 

Table i shows the nucleotide sequence 
of the oligonucJcotldes used In this 
study. Linker arm nucleotide (LAN) 
phosphoramidhc was obtained from 
OJen Research. The standard 1>NA phos- 
phoramiditcs, 6-carboxyfluorcscein (6* 
FAM) phosphorauUdite, (i-carboxytet- 
ramethylrhodaminc sut;ciiilmUJy) csiCf 
(TAMRA NHS ester); and Phosphnlink 
for attaching a H'-hiocKlng phosphate, 
were ooialncci irom Herkln-Elmer. Aj^ 
plied Biosysiems UivlMon. Oligonucle- 
otide synthesis was performed using an 
ABl model 3^4 fjNA syn^hcsl^er lAppiied 
Biusystems), Vrimcr and complement 
ollgonuclentides were purlticQ using 
Oilgu Puiiriwatit3n Cartridges (Applied 
Biosyslcim). l^i/ublu-luhitlt-.d firol^es were 
rtyiiUiesJr-eU with <*-MM- labeled phoi- 
pliuiduu'diLv: al ilit= 5' ttrtdr lAK repluciiig 
ontt 4)f n)vT's In the sequence, and I'hos- 
phalink M Ihc V cnd. rollowlng de- 
piotcx'tloii *ind eOianoi prvclpltatlon> 
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Polymerization 

Porwtkrd 



Primer 



Strand dieplaccmcnt 



Primar 



5'- 



Cleavage 



■3* 
'5* 



3- 



Mr 



PolymerizaUon completed 



-2 



3* 
'5' 



F1CUR£ 1 Diagram of 5' nuclease assay. Stepwise represenutlon of ttie 5' 3' niicleolytK* ac- 
livity of Taq UNA pbiymerasc acTlnn uti h fiwwu^cnk prolic UuriiiK oik* cxtvmiyu phas^.- I'CK, 



mM Na-blcacbonaic buUcr .CpH 9.0) fti 
room temperas utx, Unrcacicd dye was 

iciiiuvcO by paa&a^e uvri n I'D*10 Scph«> 

cicx column. Finally, the double-labeled 
jKobc wd» purified by prcpdrativr hifih- 
pcrfirrmance litjuiU chrvmatoj^rap^y 
(imXl) uMng an Aquaporc Ck 22()x4.6- 
TTini column with particle size. 'I'hc 
column waii^ dcfveJopfcd with a ^^mlti 
lintttr gradient of B^2J0% ucctofiitrllu in 
0,) M TEAA (tricthyldnkin^* occ-totc). 
Probe.s are naTncd t7y designating iht se- 
quence from Tabic 1 and ilic poslUoii oX 
the Ij\N-TAMRA moiety. Tor example, 

prtabe Al-7 haa sequence Al with fj\N— 
TAMRA at nucleotide position 7 from the 
/>' end. 



PCR 

All PCK amplificaiions wore pcrfornwd 
in the Pcrkin-Elmct CcncAmp PCU Sys- 
tem 960b using SD-pJ reactions IhtU con- 
ta1nc*d 10 mw TrJs-HCl (pH 50 iiim 
KCI, 200 fiM dA'lP, 20U \LM dCri', 200 |iM 
dCiTP, 400 jLM dUTP, 0»S unit of AuipEr- 
ase uracil N-glycosylaw (Porkln.EJmer), 



5cnc (nucleotides 2141-2435 in the !te» 
qucncc of Nakallino-Iljhnu ct al,)^'^ 
atupUfirii u:tiiig piiiaerb APP nod AJtP 
(Table 1), which are modified slightly 
from those of du Brcull ct a]/*** Actln am- 
pliflcotfon reactions contained 4 niM 
MgC)^, 20 ng of human genomic J)NA/ 
50 nM Al or A3 probe, and 300 nn each 



pHmer. The thermal legLmen was 50**c: 
(1 mln); 95T (10 mln), iO rydcs of O.S'^C 
(20 sec); 60*C (1 min), and liold at 72*0. 
A S15-bp segment wasi amplified from a 
plasmid Dtat conalsts ol a scRintnt ol X 
DMA (nucleotides* 32,2?X>-32,747) In- 
serted in the Sma\ slto of vector pUCl 19. 
'lliesc rcucttuiis tviituInttU A.S ium 
l^K' -la. ^ "S of plttsinid DNA, SO riM ?2 or 
P5 probe, 200 nw* primer F119, aiid 200 
iiM i^iuiiiei K11S>. The thermal re J men 
waB SO"C (2 mln), f>5X (10 mln), 23 ^y- 
Clc* Of (20 »cc), (1 mln), oiul 
hold at 72''C 



fflunrr^encr Detection 

l<or c»ch ompUflcaUon roacttoni » 40-jxl 
aliquot of a sample was transferred to an 
Individual well of a white, 9(Uw<f)1 mtcrtJ* 
tltor platd (Perldn-lllmer). Fluorescence 
waa measured on Uic l^crkin-Klmer Taq- 
tAan Ui.50U System, whlc.li consists of a 
lumJncscenco spcctromc^tCT with pUtc 
reader assembly » & 4B5-nm excitation flU 
ter, and a ^lA^nm emission filler. Fjcclta* 
tion was at 48ft nirj uslnj^ a h-nm silt 
width. Emission was mca.sur^d at S18 

nm for 6-1 -AM (the. roporUf Or U value) 
and .^ft2 nm for TAMliA (the quencher or 
Q value) using a lO-nm sUt width. To 
determine ihc inLica&c iji iepuiiei ciub- 
:iJon that h e<iu$cd by dcaviige of the 
probe during I'Ck, three normalirjstlona 
are applied to tlie raw cn\LvMon data, 
l-irsi, cmb&lon intensity of a buffei Ijlank 
h subtracted for each wuvelcn^lh. Sec- 
ond, emission Intensity of the. reporter h 



TABLE 1 


Sequencer of 011|B;onuclcoildc» 




Name 


'iyi>c 


.Sequeiici^ 




primer 


ACCCACA<5GAACrOAl CACCACTC 




prirovT 


ATCTcucoTrccoGcrrcAcxn-idrir: 


P3 


probi* 


1 CGCA'I'J/VCI 0 Al'CCriXJCCJAACCACTp 


P2c: 


complement 


CI'AClCCrrCCCAACXSATGACrrAATGr.CUI'C 


P5 


probe 


CCJOAITI GClXjUTATCrAlXJACAACCAlV 


rsc 


COfnplcniciit 


nrwVrcCTrGTCATAGATACX:AOCAAA'rCCC 


Al-P 


primer 


TCACCCACACTGTGCCCATCTACGA 


ARP 


primer 




Al 


probe 


ATGCCCitXXXXAiXSCCAlCClX^OTp 


Air. 


compltfinent 


A(L\<:t;tykt;(iA'it:<Icjvn;c;c;c;t;Ai;(;7;(yt'iAC 


A3 


piobc 


CGCCCTGGACTTCCACCAAC^^OAli. 


A3r 


cunipleiiieut 


CCATrTCrTOCrCOAAGTCCAfiGnCRAC 



for each ollgonut.'leuiiile used In tills siMy, Uie nucleic add scqutaite h glvcjii written in the 
S* » 'A* dirvciioii. Tbeie «re l)>rep typca of iiliyonudcotidcd; PCR primer* fluorogenic probe uK:<i 
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A M 4 JR/VJ<IC,f X.-l'OCCC'CAdCCCM'C C-]X3CCrtV 





61 B nm 


682 nm 




RQ* 


AM 








no Wmp. 










A1-2 - 


25.S tL 2.1 


32.7 1 1 ,0 


39.3 It 3.0 


38.2 i 2.0 


0X7 * 0.01 


O.gO i 0.0B 


O.IOdO.Oti 




S3.014,3 


30S.1 31 21^ 




110.3 *5.Jl 


040^0.0i 




3XK)* O.lft 




127.0*4^ 


403.5* tfi.l 




93. li 5.3 


1.lAiO,02 




3,18:1 0.1S 


A1-1« 


107.5* ly.g 


flpP.T:* 7.7 


70.3 rt 7.^ 


73.0 » 9.0 


3.67 d O.06 


S.OOiO.tC 


9.13 i 0.16 


Ai-aa 


224.C d 0.4 


45i:!.L* ± 43.6 


100,0 i 4.0 




C.26 a. 0.03 


5.02 J. 0.11 


C77l0,ia 


Ai-2e 


IGOXJ 0.9 


464.1 1 iey.4 


ya.i A ;>,4 


uu./ ± 









fiCURE 2 R«wJls ot S' nuclroor f^wy ioiiii>arii\^ ^-a^iln probci with TAMRA fit di/ffjmt nuclfr 
otUU |>ositir>m. An dcicrlhod in Material and Metliods. wjt xmplSflcailonfc containing the in- 
dicated i>iobe$ wrre peiformed. and the fiutircstcucc emission was roeasured ftt 518 and 582 nm. 
Reported vftluiii an? the averaged 1 for six reactions nin without added icmplalo (no temp.) 
and six reactions run with template { \ tcnip.). Thv HQ ratio was calculated for each individual 
reaction and averaged to give Uic reported RQ' and HQ* values. 



QiviUrU by the eml^isloii liuwislty of IJrt: 
quencher to give an RQ ratio fur ca^ii 
reaaion tube. This normalizes tor wcll- 
to-weil variations in prohc rnnci»ntra- 
uon and fluorescence n^asurcment. Ti- 
nally, ARQ i$ Calculated tjy .subtrdCtint; 
the KQ value o/ the no-ttimplatt' LxmiroJ 
(RQ") from the KQ v<jIul! ior (.he wuv 
pleic reaction induaiijg template 
(RQ'). 

RESULTS 

A series of prot^cs with Increasing cJi5- 
latices DCtwecn the fluore.^Lxin rvpurici 
and rhodamlnc quencher were tc^C^'U tti 
investigate the minimum ana maxinium 
spacing that would give an acceptable 
performance in the 5' nuclease rCK as- 
jay. Tncse pTot>es hybridize to a target 



.sequence in the human p-octin ftene- 
¥]^wc 2 shows the results of on cxpcri- 
merit ill wliich Lliesc- probes were In- 
cluded in PCR thai amplified a segment 
of the p-iivllii K*intt Lt>nlainliig the taigct 
seCjucnvx. IVifoiiiiaiice in Ihc S' nu- 
clease PGR assay h ntoriiUireU by llie 
ni(i;E;nlnidc of AkCL which U a measun? 
of the Increase In reporter ntiureHv.nvr 
uiu,->eci by PCR amplification pi the 
probe target, Hnibe Al-2 has a ARQ valu* 
that is close to rcro, indicati:\g that the 
probe was not cleaved appreciably dux- 
Ing the anipllficnliou iwvliun, Thih iug- 
KC^U tlliit with ihc quencher dye on tlie 
>t:vuiid nucleotide from the A' end, there 
Is liisufndeiit lotnn Jv>i Tu^ [>olymciasc 
to cleave eflMenUy between the reporter 
and qucfichei. The other five probes ex- 
hibited comparable AKQ values lhal aie 



clearly diffcrcnl from zero. *rhu.s, a)\ five 
prolw arr hefr)g cleaved Ourinj; VCM am- 
)i)JflCiitiL»n ic>uJtiriK i" « simlltii Inaeastt 
hi )cportc4* nuoix:*iXJn;c. It Nlumid be 

noted Ihnt complete ciige-stion of a probe 
produces a much larger mcieasc m re- 
poncr nuoresccncc than thai observed 
in rigurc 2 (data not shown), lluis, even 
In rtsactiuiis wlicrc ai«[jlif>^r4tlon ocxurN, 
the majority o/prolw moluculos remulu 
unclcavcd. U is mainly for this reason 
ihttl the fluorescence Intensity , of the 
quencher dye TAMilA channel Utile with 
ampllficaUon nf the targw. This Is whal 

ollow3 us to use the &B2*nm fluorc^ccnrr 
reading as a riormallxatlon factor. 

The Ttiagnihirt** of UQ" d/*pr»ndR 
mainly on the qycndiing efficiency in- 
h«r«nr in the. spt^citic .structiue ol the 
probe and the purity of tlie oligonucle* 
otide. Thus, the larger UQ" values indl* 
cat€ that prohes A144, AJ-19, Al-22, and 
Al-26 probably have reduced quenching 
as compared with Al-7, SUll, the degree 
of quenching la sufficient to detect a 
highly significant intTCj».s<'. In rcportur 
fluorcNtence when cacli of these prober 
ia cleaved during PGR. 

To further investigate the ability of 
TAMKA on the 3' end to quench Tj-FAM 
on the 5' end, three nddilional pftlrs of 
probes were tested in the 5' nuclease 
PGR ttssay. Fot each pair, one pcobe has 
TAMJIA attached \o «n in tern ul nude- 
wllUt: and a*ie othei has TAMRA alUchcd 
to the 3' end nucleotide, The results arc 
shown in Table Yor oil three sets, the 
probe with the 3' quencher exhibits u 
ARQ value thai h cvnsiUerably Jn^hci 
tlian for the probe with the Inicrnal 
quencher. The UQ' values suggcsi iKni 
differences In quenching arc not as grr.iifr 
as those observed with some <if the A3 
probes. Tliese results dcnaonstrftlt Ihot 0 
quencher dye on the 3' end of an oligo- 
nucleotide can quench efficiently the 
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TABLE 2 KesiUts of S' Nuclease Asi^iy Comparing Probes willi TAMRA Attnch^td to ah intern al or 3' -terminal Nucleotide 

.^112 nin 



&18 mil 



Trobe 


no temp. 


+ temp. 


IK) LCUip. 


H- icmp. 


HQ 






A3-6 
A3-24 


S4.6 2. 3.2 
7Z.t ^ 2.9 


236.5 2.11.1 


116.2 2. 6.4 
B4.2+ 4.0 


90,2 •± 3.« 


0,47 i 0.02 
0.86 -± 0,02 


0.73 ± 0,0H 
Z6Z ± 0,05 


0.20 ± OMA 
1.76 :i= 0,05 


17-7 
1*2-27 


B2.B a. 4.4 
113.4 2:6,6 


3B4,0 ± 34.1 
555.4 ± 14.1 


10^.) X 6.4 
140J t 8.3 


120.4 a- 10.2 
118.7 3:4,8 


0.79 1 0,02 
ag] ± 0.01 


.3.19 * ai6 
4.6B ± 0,10 


2.40 O.K. 

3,88 T 0.10 


l»S-10 
P5-2fi 


77^ ± 6^ 
64.0 JL 5.2 


244.4 i 16.^ 
333.6 ± 12.1 


86.7 JL 4,3 
HK),6 * 6.1 


9S.S 6.7 
94.7 2 6.3 


0.89 * 0.05 
0.63 ± 0,02 


2.55 0,06 
3.63 ^ 0.12 


1.66 ± 0.08 
2.89 i 0.13 



anrt riiif-.il;iiion.'i wiJiT neifoTmcd us described in Mulcilo) "nd Methods and in the legend to : 
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fluoT*»sr^nrr of a ivpr^rttr tlyc on the S' 
cjkI. 'Hiv dugR'c of quo.nchins is Auffi" 
cieiil far Hi in typu of oligonucleotide to 
be used as a pr6bd in the nuclease PCfl 

To test the hypothesis that cjucnrhing 
by a ,1' 'i'AMRA ticpendfi on the flexibility 
of tjiG oHfjonuclootido, fluoTCScence was 
mcai^uiml Rir ^rubcsf in the Single^ 
stnndcd uni Ouuble stranded states. Tft- 
hl^ A feporU Uie fluorescence observed 
at S18 and S82 nm, The relative degree 
of quenching Is assessed by calculallng 
the RQ tatii). I^or probes witii TAMRA 
<v-lO nucleotides from the S' ejiU, llicw 
Is little difference in the HQ values when 
aunparing single-siraiKied with double- 
strandcd oHgonucleolldcS. The results 
for proKc.*i with TAMRA a\ the 3' end are 
much different. For thexe probes, hy- 
bridizatlon to" a complementary strand 
causes a dramatic increase in UQ. Wc 
propose that this loss of qucriching is 
caused by the rigid structure of doubles- 
Stranded UNA, which prevents the 5' 
and 3' ends from bcln^ in proximity. 

When TAMRA is placed toward the 3* 
end, there is a m^irkcd Vlg^* effect on 
guenchinR, Figure 3 shows a plot of ob- 
serN'«d HQ values for thu Al series of 
probes as a function of Mjj:*'* concentra- 
tion. With TAMRA attached nciir the 5' 
end (prohe A 1 -2 or the RQ vaIuo at 

0 niM Mg^" is only slightly higher than 
RQ at 10 lOM Mr * - l*or probes Al-19, 
Al-22. and Al*26, the RQ values at 0 mw 
Mg^'' are very hi^h, Indicating a much 



reduced quenching efficiency. Tor each 
tif these probes, llteie Is u ziiurked de- 
creosc in KQ at 1 jnw Mg' * fciJlowcd by 
u (gradual decline as the Mg^ ' tvnccn- 
trution increases to 10 mM. Piube A1-14 
show3^ an Sntcrmediace RQ value at 0 tnM 
Mg^'* Willi a gradudl dccltne H\ hlgntr 
Mr^** coni:eiUiAltuii:». In a low-salt cn- 
vinmmcnt wlUl no Mg^ present, a sin- 
gle-Mnin<ied oJl^onudeOdOc would he 
cxj7cctcd to adopt aij extenUeii confor- 
maiiOT) because of clcctrostaUC repul- 
sion. The binding of Mg** ions acu to 
sJiield the negative diarge of the phos- 
I?hate backbone so that the oltgojtutJe- 
otide can adopt conformations where 
the :V end is close to the 5' end. There- 
fore, the observed Mg^ ' effects support 
the notion that quenching ol a 5' le* 
porter dye by TAMRA at or near the 3' 
end depends on the flexibility of the oll- 
gunucleoridc. 

DISCUSSION 

Thf striking finding of this study is that 
it 5ecnis tlK- riiodamine dye TAMKA, 
placed flt any posilion in an oligonucle- 
otide, can quench the fluorescent emls- 
.sion of a fluorescein (6-rAM) placed at 
the 5' end, Tl^l$ itnplicx thai a single- 
stranded, double-labeled oligonucle- 
otide must be able to adopt conforma- 
tions where the TAMRA is close to rhc 5' 
end, U should be noted that the decay of 
6-!'AM in the excited slate requires a eer- 
toln amount of time. Therefore, whai 



mattcn for qucncldii^^ In uol ttie average 
distance between 0'1-am and TAMRA 
but, rathci; how ciose 1 AMKA can get Ic 
(^^AM during die lifetime of the 6-hAM 
excited itatc. As long as the Uccuy ttrnc nf 
the excited stale is relatively long coin- 
pareo wlUl Uie molet:\ilar motions of the 
oligonucleotide, quenching can occur. 
ThMUt we propose that TAME^ at tlie y 
end, or any other position, can quench 
6-FAM at the y end because i'AMRA is In 
proximity tt) fi*KAM often enough lo be 
able lo accc)>t energy transfer from an 
excited 6.FAM. 

Details nf the fluorescence measure- 
ments remain puzzling. For example, I'a- 
blo 3 shows that hybridixation of piobcs 
A1.26, A3-24, and P5-28 to their comple- 
mentary Strand!^ not only causes a large 
increase in 6-FAM fluorcsctmce at 518 
iim bui also causes a modest increase in 
TAMM fluorcsccna^ at S82 nm. If 
TAMHA Is t>eing exdrtid by energy trans- 
fer from quenched 6*1'AM, then loss of 
cjuenchinj; attributable to hybridization 
should cjausc a decrease in ihc fluore-s- 
ccnce emission of TAMRA. the fact that 
the fluoiesccncc emission of TAMRA In- 
creases Indicates tliat the situation Is 
more complex. For example, we have an* 
ecdoial evidence tltar the bases of The 
Ollgonudeotirie, especially CJ, quench 
the fluorcscctice of both 6-FAM and 
TAMRA to some degree. When douhle^ 
stranded, base-paLrlng may reduei^ the 
ability af the bascs to quench. The pri- 
mary factor causiilg the quenching of 
6-FAM in on Intact probe in the TAMRA 
dye. Evidence for Uie Import^jnce of 
TAMIlA is that 6 FAM nuuii'scencc 
rc:maln» I'clttUvely uziciiangcd when 
probes labeled only with 6-FAM are used 
in tile S* nuclease I'CR assay (data not 
Shown). Seamdary effectors of fluoreS" 
cence, both before and afiei cleavage of 
the probe, need to he. explored furtiicr. 

Kegardlcss of the physical mccha* 
n4j?m, the relative Independence of posi- 
tion and quenching greatly simplifies 
Uie design of probes for the S' nuclease 
PCR asMay. There are three main factors 
that determine the pcrfocmance of a 
double-labeled fluorcKccnt probe Jn Uic 
6' nuclease I*CR assay t The first factor Is 
the degree of quencliing observed In the 
intaa probe. Tills Is characterized by the 
value of RQ' / which is the ratio of n?- 
pnrter to quencher fluorescent cmis 



TABIC ^ Comparison of PluorcACCK^- Bnii>diuiJs uf .SlrigU:-,STranUecl and 
Douljl«;-$ir«ndcd Fluorogenic PiobcN 



SIS nm nm RQ 





49 




99 


Us 


S$ 


ds 


Al-V 


27.75 




61. OS 


13ft.1A 


0.45 


0.50 


A 1*26 


43.31 


$09M 




93.86 


0.81 


6.43 


A3.6 


167S 




39,33 


16.S.57 


0.43 


<).3» 


A.V24 


30.05 


578.64 


0777. 


140.25 


0.4«i 


3.21 


P2-V 


35.02 


70.1.T 




12]. U9 


0.64 


0.5» 


l'2-27 


%0M 


.=i20.47 




61.13 


0.61 


S.25 


I'S-JO 


27.:J4 


, 144.65 






0.44 


a87 




33.65 


462,Z9 




104.«] 


0.46 





(ss) Singlc-Mrandedr 'Ilie fUion?scence tfrnissions al 518 r .S82 run for solutinns roniaining a finnJ 
conccniratlon of 50 am IndlcjUcd prol^e, lo inw I ns-l rci (pH SO niM KG. and 10 niM MgClj^. 
(d.i) Double-ivtranded, 'itifl solutions comalnecl, in addilion, 100 iiM AlC for prc»hw Ab7 and 
AK?Xi, lOOnM A3C for probes A3.6 and A3-24. 100 OM l*2t: for Yl^l and I'2-?7i or 100 nM 

rSC fur probca and Hcforc tnc acctmop Of M^r^i^i J W ^1 Of eatl) dUUipU' Wtts lieatcU 
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fICURE 3 KffiKt (i^f Mg*"* crtAcxtntraiicn on RQ ratio for th* Ai scriw of probes. The fluoresceTK'e 
emission InUosUy ai 518 and 582 nm was mcasurctl for se>lut!on» containing SO nM probe^ JO mM 
Trh-HCJ (pH 50 mM KC)> *»nd varying aniounu (0-10 mu) of MgOa- 'll>^ alailatctl it<l 
;atio5 (51 S nm intensity ciMdeO hy SfKZ nm iiiti*nsity) an* plolioiJ vs. MgCl,-\ concentration (mw 

M}^). Tlir ktty {uyjJKP ti^hl) rklmwA lliu fiKiln^K CABiulninl. 



dycA used, spacing between reporter and 
quencher dyes, nucltotlde sequence 
context effects, presence of slrucliirc or 
Dlhei raCLuj-> llial iii;Uuce ntxlblllly uf 
Lhe oligonucleotide, and purity of (he 
probe. The second factor in the efficient^ 

• \ii hybiidi^aliaUf Which depend.s on 
probe r^„, pcejence of 5Ccondftry dtruC^ 
lurc in probe or tCiwplMc, annealing 

■ temperature, and other reaction condi- 
tions. The tlilrd factor is the efficiency 
which Taq DNA polynKTdsc cleaves thf 

, bound probe between the reporter and 
quenchei' dyes. This cleavage Is depen- 
JeiU on sc't^utncc complementarity be- 
tween probe and template as shown by 
Qie obseivaUoii Uial mismalcJics in the 
segment between reporter and quencher 
tlyeji drastically rvduLX' the cleavaKV. tif 
jirobe/*^ 

The rise in RQ' values for the AI se> 
ncs of probes seems to Indicate that the 
degree or quenching is reducL*a sonie- 
whai as the quencher is placed toward 
the 3' end 'lhe lowest apparent quench' 
ing is observed for probe Al-19 (sec Fig. 
3) rather than for the probe where the 
TAMRA Is at the A* end (Ai-zo). rhis is 
understandable, as the conformation of 
the 3' end position would l>e expected to 
be le&s restricted than the conformatioTi 
of an internal positioni In effet:t, a 
quencha at the 3' end is freer to atlopt 
conformations close to the 5' reporter 
(lye than . is an internally placed 



probe.1, the interpretation of values 
is lc3* cleur-cut. The A3 probe> show the 
some Ucnd as AI, with the TAMRA 
piobc having a larger RQ lhan the in* 
iernal TAMRA probe. Por the P2 pah, 
tK>th prohr.s have at)Oul the same UQ " 
value. Foi the PS probes, the RQ for Uic 
3' probe is Ie« than fftf the inicmaUy 
labeled probe. Another factor that may 
CXplnin some of the oKneTvciil variaHon w 
that purity iiffcct? the RQ" valur.. Ai- 
ihuu^jh all jKtjbcs are HI^LC putifitrd, a 
smoll amouni of contamination with 
unt|uenchcd reporter t.aii have a large ef- 
fect on HQ . 

Altluiy^h there may be a modest ef- 
ffic^i on decree of quenching, the posi- 
tion of tlic quui idler iippare.r»!ly t^ii 
have: a large effect on the cffidcnry of 
piObc clcavagCr The most drastic effect h 
observed with probe Al*2, where place- 
ment of the 'I'AMRA on the second nu- 
tieuliUr trduues the efficiency of cleav- 
age to almost zero. For the A!*, 1% and PS 
probes, ARQ is mucii tjrt-.''t«r for the 3' 
TAMKA probes as compared with the. in- 
ternal TAMHA proheA. This Is explained 
most easily hy assumhn; tlml piobes 
with I'AMRA at the 3' end ore more likely 
to be cleaved iwtweci) itfjjoiiej and 
quencher than are prohes with TAMRA 
attache<l intemally. Tor the A) probes, 
the cieavngc efficiency of probe Al-7 
must already he tjulte high, as ARQ docs 
not Increase when the quencher is 

nUrwl rlncer to thn X end. This illUS- 
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trntes the importanro nf beine Milr fn 
use probes with a quencher on tl^o A' 
end in the 5' nuclciL<:c PCR at;say. In this 
aswy, an li\ercasc Jn the intcnKity of re- 
porter fluorescence is obser\'ed only 
whun the prabe is cleaved bctwau \Ui: 
reporter and quencher dyes. By placing 
the tupojLur and (^uuncliua dyub on Iho 
opposite ondii of an oligonucleotide 
probe, any cleavage thai occurs will be 
detected. Wlien the quencher is aituchcd 
lu un Uiiuriial nuvluutlde, Hometlmos tlie 
pcube wurk> wtdl (Al-7) a/id t)Ol*rr tliiiea 
not so well (A3-6). 'Ilie relatively poor 
performance of probe A3-6 presumably 
mcanff the probe U being cleaved 3' to 
the quencher tfithor than between tlic 
r(>pnripr and qttencher. Therefore, the 
best chance of having a probe that reli- 
ably detecis accumulation of ?CH prod- 
uct in the S' nuclease rC:K assay is to use 
a probe with The reporter and quencher 
dycit t>n uppositci and^. 

Placing the quencher dye on the 3* 
end may ale»o provide a slight bone lit lit 
terms of hybridisation efficiency. The 
presence of a quencher attached tc* an 
Internal nucleotide mi{(li( he expected to 
disrupt basc-jmirinj; anil redtice tl)e T^, 
of a probe. In facL^ a 2"('^3'^C rvtluc.tkjn 
in has been obsei"vcd for two piobcs 
with iiUeiiidlly alLndicd TAMUAh.'"^ Hiis 
dbf uplive effect would be minimised by 
placing the quencher at the 3' end. Thus, 
probe^i with y quenchers might exhibit 
^lifthtly higher hybrklir^tion efficiencies 
than piolieS wiOi inteniii] qucncheiTi. 

The combination of increased cleav- 
age and hyhridiaatlon efficiencies means 
that probe3 with 3' qucnehcrs probably 
will be mote toleianl of mismatches be- 
tween pro^e and turret aa compnred 
with Snlernally labeled ptobes. Tins tol- 
erance of miamatchci can be advnnta- 
geous, as when tryh^g to tisc o single 
probe to detect PCK-amplificd products 
fniin htiiii|>lf> uf diffeienl species. Also, it 
means that cleavage of probe duri r»g IK'U 
is less K'TlNitlvt* to uiicmtionh in an^ 
nealing tempcrahire or other reaciion 
conditions. The one application where 
tolerance of mismatches may be a disad- 
vantage is for allelic dlscrlminotlon. I^c 
ct aL^^> demonstrated that aliele-speciflc 
probes were clcftvcd between reporter 
and quencher only when hybridised to a 
perfectly complementary targe*, 't his al- 
iowtul them to distinguish the normal' 
human cystic fihTOsis allele from the 
AFSOS mutant, Their probes had TAMRA 
attached to the seventh nucleotide from 
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FIGURE 3 Effect Of Mg® * concenTwtlon on RQ raiio for ihc A5 sciIcb of probes. I'hv flutsrttKcuiictf 
emisstun intensity »t 51 B and 282 nm was measured fur soluilon;) cuntainlng SO t\M probe* ] 0 mM 
TriJt-liaXpIl 8.3), 5C> niM KO, arnl varying araounis (0 10 mM) of MgCI». The calculated RQ 
rafiofi (SlH nni intensity dlvidett t>y 5K2 intensity) arc plotted v$» MkCIx concvnfr<iti"ii (mM 
Mr). l*hc key (ufpcr ri^ht) ihOWS the probes examined. 



dyes U5Cd^ spaL-ing between reporter and 
quencher dyes, nudGoUdc sequence, 
context effects, presencf. i)t structure or 
other factors that reduce flexibility of 
the oligonucleotide, and purity of the 
probe. The second ^acto^ is ttic efficiency 
Of hybrlalzatiun, wliich deiiends on 
probe presence o< secondary struc- 
ture In probe or template, annealing 
temperature, and other reaction condi- 
tions. The third faaor is the efficiency at 
which Taq UNA poiymeiase cleaves the 
bound probe between the reporter and 
quencher dyes. This cleavage is depen- 
dent on sequence complementarity be- 
tween prcjiju and templatt» as shown by 
the observation that mismatches in the 
segment between reporter and quencher 
dyc5 drastically rcxluce the cleavagK of 
prohe.^*^ 

'the rise in RQ values foi the Al so 
lies of probes seems to indicate that thc^ 
degree of quenching Is reduced somt;* 
what as the quencher is placed toward 
the 3' end, The lowest apparent quench- 
ing is observed for probe Al-19 (sec Fig. 
3) ratiicr than for the probe where the 
TAMRA is at the 3' end (Al'26). 'I^his is 
•undcrstandiililo, as the conformation of 
the y end position would be expected to 
be less restricted than the confoxmatfon 
of an internal position. In effect, a 
quencher at the 3' end is freer to adopt 
conformations close lo the 5' reporter 
dye than Is an internnlJy placed 
quencher* For the other three sets of 



probo, Ihe ii it urp relation of RQ' values 
less clear-cut. The A3 probes show the 
same trend as Al, with the 3' TAMRA 
probe having a larger RQ" fluin lint iii- 
icrnal TAMEiA probe. For Ihi: V2 ))au', 
botli piobcs have about the same RQ 
value. Tor the probos, the RQ' for the 
3' probe b less tljao foi tlic i4ilcinAl)y 
labeled probc. Another factor that may 
exj)lain some of the observed variation Is 
that purity aWeas the RQ" value. Al- 
though all probes are HPLC purified, a 
small amount of contamination with 
unquenchcd reporter can have a large ef* 
fcclOrtRQ . 

AhhOUgh there may bc a modest ef- 
feci on degree of quenching, the posi- 
tion of the quencher apparently can 
have a large effect on the efficiency of 
probe cleavage. The most drastic effect is 
observed with probe AU2, where place- 
ment of (he TAMRA on the second nu* 
cleottde reduces the efficiency uf clcav- 
age to almost zero. I'or the A3, ?Z, and PS 
probes, ARQ is much greater for the 3' 
TAMRA probes as compared with the in- 
ternal TAMRA probes. This Is explained 
most easily by assuming that piobcs 
with TAMRA at the 3' end are more likely 
to be cleaved between reporter and 
quencher than are probes with TAMRA 
attftL'hcd Internally. Por the Al prol>es, 
the cleavage efficiency of probc Al^7 
must already he quite high, as ARQ docs 
not increase when the quencher is 
placed closer to the 3' end. This Ulus- 



teatos the impoirtancc of bdn^ a)>Iti tr> 
use probes with a quencher on the 3' 
end in the V nuclease I'CU assay, la I his 
assay, an tncreajtc in the intensity oi r* 
porter fluorescence h observed nn\Y 
when the probe Is dcavcd between the 
reporter and quencher dyes, Ry ]>tiK:lnf( 
the reporter and quvnchcr dy«ii on tho 
oppoelto otidt of an oligonucleotide 
pnibfcs, any deav;ig<.rthHl ocuui: wiW Iw 
detected. When The quencher u attached 
lo ;in Inlc-iUAl nucleoiLdu, frvaioOnics the 
probe workA well ti\A other times 

not *o well (AJ-d). 11)e relatively poor 
fMsrformanco of prol>o A3-6 presumably 
means the probe is belnM cUavcd 3' to 
the. qticnchcr rothcr thnn between the 
reporter and quencher. Thftrtifore, the 
be5l chance of having a probc that reli- 
ably detects accuuiulHtiuji of l*CR prod- 
uct in the 5* nuclea.sc PCR assay is to use 
a probe with the reporter and quencher 
dyes on opposite ends. 

Placing the quencher dye on th« 3' 
end may also provide a slight benefit in 
terms oi hybridization efllclcncy. The 
presence of a quencher attached to an 
iulenml nucleotide nu^^lu be expected to 
disrupt base-pairing and reduce the 7.^ 
of a probe. In fact, a 2'C-3'C reducllon 
in httA l>ecn observed for two probes 
with internally attached TAMRA.^;/'* 1'his 
dlxmptive effect would bC minimised by 
placing the quendiet at The 3' end. Thus, 
probes with 3' quenchers might cxhlbLl 
slightly higher bybrldizahon efficiencies 
than probes with internal quenchers. 

The combination of Increased cleav- 
age and hybridization efficiencies means 
that probes with 3' quenchers probably 
will be more toleiant of mismatclies be- 
tween probe and target as compared 
with internally labeled probes. This tol* 
erancc of mismatches can be advanta- 
geous, as when trying to u.se a single 
probc to detect PCR-amplified products 
from .samples of different species. Also, It 
raeanSt that cleavage of prob<* during PCR 
is less sensitive to alterations In an- 
nealing temperature or other reaction 
conditions- The one application where 
tolerance of mismatches may be a dlsad- 
vantHcc is for allelic discrimination. l.ee 
et al*^' demonstrated that allclc^speclfic 
probes were cleaved between reporter 
and quencher only when hybridised to a 
perfccliy complementary target. This al» 
lowed them to distinguish the normal 
human cystic fibrosis allele from the 
^SOB mutant. Their probes had TAMRA 
attached to the seventh nuclt^tldc from 
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UiM A' end an<i wero dc^i^inccl sp that my 
misiiiAtcVitri v«:rc between the reporter 
aiici t^ucnchcr Increayln^ the distance 
btitvrtMin rnportc>r and c|tie^nchAr wo\jl<1 
lessfcu [\Hi dlifupUvc effect of luh- 
matchcs and altow cteava^;*! of th«! prot>e 
Oil thu incoEToct taryot. Thus, probes 
with A quencher i^ttachcd \o an internal 
iiudt^oHclc may stlU be ucoful for allelic 
diwimioation. 

In thU study loat of quonching upon 
hybridUutlon wn» u.icd to show that 
quenching by a 3' TAMIU U dependent 
vti the flexibility uf a sin>;le«5tranded Oh- 
gonudeotlde. The Increase in reporter 
fluorcAcerictc iulciiMty, though, could 
also \->e ui«*d to determine wholher iiy- 
brldlzatioa has occurrwl or nor. Thus. 
ohgonuclcoUdcs with reporter and 
quenched dye* attached at opposiir ends 
should aiso be useful RS hybridization 
prc>l)cs. The ability to delect hybrldizii- 
Tlon In real time means that thc*sc probes 
could be used to measure hybtidizatton 
ktnetla. Also, this type of probe could be 
tised to develop homog<meous hyhrid- 
iy^tian assays lot diagnostics or other ap- 
plications. Uagwcll Ct al.'^^* describe just 
this typo of homogeneous assay where 

hybridization of a probe CflUStrs an in- 

CToase In fluorescence caused by a loss of 
quenching. However, they utilized a 
complex probe design Uiat fequhx-.^ add- 
ing nueleotUlc» to both end:* of the 
probe scqu«fnctt to form two Imperfect 
hairpins. ITie results presented here 
dciiiuii:>irate tliat the Mmplc addition of 
a rcponcr dye tt) one end of an ollgonu* 
eleotlde and a tjuenchcr dye lo Uic oUici 
end generator a fluorogenic probe that 
can detect hybrldi^tton or PCK ampHfl- 
CHtion, 
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Wc have developed a novel "real time" quandiaiivc PCR mciliod. The method meaair^ m^dnn 
Tc umul'doi^hS>ugh a duaH<,bt:ltd nuoiogentc probe (U. T.qMan Prob.). This method ProvWe^ v,^^ 
accunre "nc^lprodudble ciiianlUacion of gene copies. Unlike oth.r quanlhallvfe t>CR mcihods, rcal-l me PGR 
dornm ,^ handling, prcvenUns potential PCR t>roduct cmy^scr contamination and 

?esultin. ETmuch'fas^.r and higher throughput .ssay. The reaMlm. PCR method has a vcrv ^^rB^^^^^^^^^^ 
ranee of starting target molecule deiermlnntlon (at least five orders o( maEmuidc> ReaUlme auaniitarlvc 
PCR is* cxiremcly accurate and less labor-incenrfve than airrent quantitanve PCR methods. 



Quantitative nudeic acid seqiaencc ;nialysis Has 
|\ad an imporlant rtile in many fields of liiologi- 
cal research. McasuieiTieiU of gciie oxpression 
(RNA) has hv.vA\ u^«^d extensively In njonitoriJig 
biological responses to various stimuli f I'aii el al. 
1994; HudiiR cl al. I995a,h; Prud'hoinn:ic et al 
1995). QuaniiiaUvc geni? analysis ^T;NA) has 
iH-cii used Ui d«it:i minc Ihc gaujiuy 4uaxitiiy of a 
particular gene, as in the case, ot t ho humflii H}Ui2 
gene, wlilch Is aniplified in -30% of breast tii- 
mors (SlamoTi U al. 1987). CJeiie and gcnomi* 
quantitation (DNA and UNA) also have been used 
for analysis of human inununodcflcicncy virus 
(JUV) buTdcn demonstrating changes in the lev- 
els of vlnw thioughoul the different phases of the 
disease (Connor tit al. I9V3; l^latak ct al. iyy;5h; 
J urtadf) et al. 1995). 

Many methods havt^ heen dcscrlhcd for thi: 
quantitative* analysis ot nucleic acid sc»«|uences 
(both for RNA and DNA; SouthtrTii I v/6; S>iarp el 
al. 19KD; Thoujiis 19«0). Recently, PCR has 
proven to be a powerful tool for quantnative 
nucleic acid anal>'sls. PCJR and reverse transcrip- 
tiisi: (K'D-PCR have permitted the analysis of 
minimal starting qi*ant)ties of nyclcic acid (as 
little as one cell equivalent). This has mode pos- 
sible many experirnonls that could not hove heen 
performed willi tradiiionnl methods. Although 
PCR has provided n ]^owcrfuI tool, it is imperative 



RTO 1^ 



that W be uavU [siopcrJy for qunntiUitlon (U»«y- 
maekm 1995), Many early rt-jx^rts of quanliia- 
tivc PCK and R'l-PCR described quanlUation of 
the PGR product but did not measure, the initial 
target s^^tjucnce quantity. II is essential to design 
pToi>er controls for the quantitation of the initial 
tavj^et sequences (l^errc 1992; Clenu-ntl ci al. 
100?.) 

Kes^virchcrs have, devclopal scvoral mt-thods 
of quantitative I'CJt and RT-PCR. One approach 
measures I'CR product quantity in the log phase 
of the reaaton before the plateau (Kellogg ct al. 
1990; Pang ci IWO). This method requires 
thai each saniplci has equal input amounts of 

■ nucleic add and that each somj^lc under analysis 
amplifies wiili idcnlit^^l efficiency up to the. point 
of quuniilalivc analysis. A gene sequence (rnn- 
trilned In iill .maniples at relatively constant quan- 
lili^, such as p-aolin) e:in be used for samjjlc» 
uoipliTication «fHcicncy normaiization. Using 
conventional methods of k:r dctertion and 
quantitdtiun (gd electrophoresis or plate capture 
hybrf dilation), it is exir^mely lahorious to assure 
that all samples urc analyzed during the log phase 
of the reaction (for bolh the targci gene and the 
normalization gene). Anoiiier method, quantita- 
tive competitive (QC)-P('R. has l>ccn developed 
and is used widely for PCK quantitation. C3C-PCR 
n:I»cs on the inclusion of an internal control 
compctlior in each reaction (Beckcr-Andrc 1991; 
Matak cl al I09a«,l>). The c^Qcioncy of each rc^ 
action is nomialkcU to the Inlcmol compel iior. 
A ifiinwn anuiuiii o/ Inittmai compclitor^an be 

ariWM 7nc« no/ rIt« wj RCifcT 7nn7/cn/7T 
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oddod \o each sampk*. To ohlaiji relative quani* 
tatlon, Ihc unknown largct PGR prcKluct is ctuji- 
j>arc£i witli the known compctiUH' K^K product. 
Success of a cjuantl1a(ivc cuinpciilivc l»CU assay 
relltts on acvclopmg an Internal tXMiin.>I llial am- 
lilifii-TN wlih ihc same effjciency as the mol 
cculc. I Jlc design of Tlu' coiiipciJtui and the vnll- 
Caiion of amplification cffidcuL-icr^ icquirc a 
dedicated cffoxL Huwevci', bccnuic Q(>-rc:H d<H»s 
notrccjuirc l^iit PC'U j>itKlucts be aniilyvxtd during 
Che loj; pjiasic of llic iinijilincaiion, it is llu; cosier 
uf ihc ivs/o methods to use. 

Severn I dettfcUnn .nyijicin^ Mie UMtd foi quan 
Illative PCK and R'I-l*c:u analysis: <1) ajjiiro^o 
tivls, (2) Xluore^wn )abeli»i>; <if KlU products nnd 
dclccUon wHh tii3(n''>inchic:rd f!u(jrcAcence viain^ 
capillary (;le.<:trt3phoTe.ti» (h'Msco el aJ. 1995; VVII- 
Ilrtins CT al. 1996) or acrylaiulde geltt, jind (^) ]il;t(c 
cnpuirw and sandwich prul:^* hybrid I Ion (Mul- 
der el al. 1994). AlThoujjh these rJiethtnlN jjmvrd 
Slicccssful, each method requires posl-PCR mu- 
nlpulatlons that add rlint! to the analyMS and 
(iiay lead tti JitbuNituty i inilrtiri i nation. The 
sample Ui luughpul uf Ihe^e jnrlliod> i^ limited 
(wil)> IIU" i-xcx:pilon of the plate cn)7lurc np- 
proiK-h), «n<l, lliertifori:, ilicac methods, ore not 
well >uitt:d Toj uM:r> dcinandinji} iiigli sojnplc 
Throughput (I.e., ^cTeerUuf; of lar^e munbers of 

bliJiuotrv.Lite> wi uii^ty/.ln^ .^VAlUplva fi« dia^no:i' 
Uc* or cliilico) IriaUs), 

Here wv rcTjJc^rt the de.vc^ln|}inent of a novel 
ii.s^ay for quantitative. DNA analysl.i. The assay Is 
hfi^Ksd ou i)%t: u5r i>r iln* 5' nuelea.sv a.s.say first 
described by Hollund et al, (1993). TJie njetliod 
ih<;r .S' ftuclca.ic flcilvity of 'i\uf (?i;Iyin erase lo 
irlcavc a noncxtcndlblc hybridl/iaiion prohc dur- 

t>ic tension pitaae I'CU. T>h» tippruiurli 
U3C5 d\i«l-liibcJcd fluoro^jenic liybridJ/.«t ion 
probe* (Lcc ct nl. 1993; J^uasler ct id. 199ri; l.ivak 
ct 111, 1^9r>a,V>). One fluorescent dyv .tvrvra a» (i 
repor(cr [FAM (i.e., (^cjirboxyfluoreiccin)! find i1> 
emission spectra is quenched by the second fluo- 
r<:sce:nt dye, TAMRA (i.ft., ^j-carlv^xy-ietramethyl- 
i bodaminc). The nuclease degradation of the hy- 
hrldi/aitlt)M pn)he reltjasu's the quencliirjj; of the 
TAM flunrescenl cinisskui, rei>idlii"n; in an In- 
cTcuSe In peak fluorescenl emission at SJtt. nm, 
'I Jje uSts of <i iei^acncc dctccior (AiJI i'rism) allows 
mcasuiemeni of fluore.\cunT Npectm of ail 96 wells 
uf the mcrmal cycler contlnuousiy during tlie 
1*C;H amphflcarlon, *rheref«jre, tlie reueiiuna aic 
Hiufiliored in ivul thue, TJic oui|>ui data is de- 
scribed and quantiTutlve uimlysb uf inpu* tui>;ci 
DNA sequences U disctjssed below. 



RESULTS 



PCR Product Derccrlon in Real Time 

'11)e gold WiJ« to develop a high-ihroughput, son- 
^itivv, «n<l nc:t-araic j^cnc qiKmlllntInn asftay for 
U5c In monitoring Jlpid mediated iViftrapouTic 
gene delivery. A plasinld encoding human factor 
VIll gene se<juftnce, pI-'STM (soc. Methods), wax 
used as a nicKld iherajwntie Kt^-'^^- '^'^^^* Bi^say usr<; 
fiuore\c-cni Taqinan mothodolo^iy and an instru- 
ment uipabU: of mcHSurioti flnorcsccnco in real 
tioic (A151 Prism 77(K) 5icquenve Hclrelor). Ilie 
■i'CKiMi;*** r<!acilon requires » hybflclla:dJon prc^Uc 
lttlx:Ied witii two different fluoretiecnt dyes. One 
dye is a reporlvr dy« (I'AM), the otKcr ix :< quench- 
ing dye (TAMRA). VVhen the proln: Is Inlacl, fluo- 
icaccni energy transfer occurs and the reporter 
dye fluorescent emission is absorbed by the 
qucnclilnjs dye (TAMRA). IDuring Die oxtonfilon 
pha.u* of the 1'C:R cycle, ih(v flu orescent hybrid- 
l/wilion |ifnl>c is clcijved by the S'-'^ nucleolyiic 
activity of thr. DNA poiymernsc. On dcavagc of 
tile probe, tlie reporter dye emission is nti loo^or 
tran.ifcrrcd efficiently to ti»e tjiiofU^hing dye, re 
suit inn hi un nit;reasc of tlie reporter tlyw fluores- 
cent enit.i.iloji **peetrQ, PCR primers und probcN 
were ^icriij;mttl ftfi the human fctclof VI 1 J se- 
quence and human p-ac.tin gene dt-.senhed in 
Methods). Optimization reactions were per- 
formed to choose the appropriate probe und 
magnesium concenuations yielding ihc hiKlu-^i 
hiien.tlty of reixartcr fluorescent signal v^ri1hout 
saerlfli'jn^ ^peci^K-ity. The Insirumonl u;;cs a 
chftrKe-coupicd device (i.e., CCD Ciuneni) for 
mea.'sufin^j the fluorescent emission apeclni from 
.^lOn tf> r»$0 nni. l-acii PC:u tube watt monitored 
sinjuentiiiUy for 25 tn.scc wiih ei^iiilnijous monl- 
tOjjnj; Ihrou^lunn tin: aniplificaiitiii. lioch l\ibc 
yvan rr.-cxan lined every see. Computer soft- 
ware, was dc^'si^ned lo examiji? ihr fluorescent In- 
tensity of both the rei>nrtctr dye (KAW) and 
the quenching dye (TAMilA), 'J*>»e Itnoresccnt 
intensity of t)ic quenching dy«, *!*AKiUA, chiinge-s 
very Utile over the course of tlie PCR amplifi- 
cation (data not shown), riierefore, the hitensily 
of TAMRA dye omissic»n serves as ;jn internal 
.nlandtird wllli Which lo noifniillyA; the reporter 
dye (PAM) emission vnrintJons. T\Mi .software enl- 
culote> %i vcilue termed AKn (or ^^RQ) using the 
following equation: ARn - (Ih^'') (Ri^"")! where 
Kn'^ . erniWMlOJi iulensity i>f icpoficf/emission in- 
tensity of cpieneher at any given llnic In a rewe 
rloti tvibe, and Rn emission intensilily of re- 
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poncr/tiimlssloi) liiu-nMly i^f quciu:Ucr mcnMircd 
prior 10 TCK i»i«plilicati<>n in thnr i;ainc roj*aioii 
tube, l-or the purpose of quaiitilation, ihc Usi 
three 0iit;i puinlji (^Uns) c:ollcc.li:U ilurlng the ex» 
ttuisiOJl step for each PC:K cycle w«rc aiinJyyecl. 
TJic nudeolytic dcf^radoriou of Ihc HyuriOiy-ation 
probe occurs during ihc cxicnsjun phase or i*c:j^ 
and, thm-forc, reporlcr flut;rcscent uiiia.Mun hi- 
creascs Ouring this tUnc, 'Jiu: thjcc Uau points 
wcr^ avcragt'cJ for cacJi l^c:K cycle and ^hc ijicmh 
value fur oath was plomtU in an "aniplillcation 
l>!ol" shown hi injure 1 A. TIic Al^n mean valiu* \s 
plOUcci on Ihe }'"axis, and time, represented hy 
cycle number, is plot (wl on thcx-dxis. Durin};the 
early cycU*..s ui the VCR amphfitraUon, t)if ARn 



vaJuc TC^mains at bast Hno when sufficient hy- 
brid j /-a lit>npra\}c h;is boon cleaved by Uic T*i/? 
lX)lymcraM: nvKT-bftfiO activity, the inleiiiity of ro- 

amplin^^^tlionii rcaci> » v^laleao phoMo of reporter 
fJiioicwuii c?mifi5ion U the rc«t:lU«i Is, c»'»rrit*<l oni 
Lo high eyck' ijuhiIwin. The- am]T>lifirAUnn plot lit 
cxaniiiuitl uaiiy JJi Umh feaclion, ut a point 
icjncsonli: itu* log phiiiio of prcH-UnN arniinulap 
tion. This Is done by uitigning an arliiLjiny 
il^rcshold thji is b»j.ccl on the varutbilUy of the 
to«.iincdyu. h) Hgure. 1 A, the thfftnhold wHS.<;rt 
til M) sinncXiird duvicilionK aU»vc ihc Tne:ni of 
ba(vo Unci emission i^ilculated from 1 lo 1 

Once the threshold Is chosen, the point at which 
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Figure 1 PCR product detection in real time (A) The Model 7700 ^udware will consimct «?;P"^faliQnj>loti 
from the extension phase fluor^cent emission data collected during the l>CR --^^^t 'o^ C ^nlt t 
viation is determined Irom the data poinu collected from the base «ne of the «/"P'' « P'°h, ^0^ 1^^^ The 
calculated Iw delermining the poinl ai which the fluorescence exceeds a thresho d I rn^l yj° 'Jf 
und«rcl deviation of the base W). (S) Overlay ot amplification plois °^ V (J =2^^^^^^ 
DNA $»n,plcs an,plified with p-actin primers. (O Input DNA concentr^l.on of ^^^^ samples P^o^cd ver^^^^^ 
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Ihc ainplificntion j>Uil crOb6<:a the thfcshold is de 
fiiieti as Cp C,- is rciX)Hcd an iho cycle numb<.T at 
tlii.*: ])(>itU. Ar vvjII be Ucmon^irutiv^ t^*^^^ ^'-^i value 
b j)it:dicLjve of ihc quanlHy of input tiir^<'.l. 

Values Provide a Quantitative Weasurcmcnf < d*** 
Input Target Sequences 

Figure IR shows ampJificalion ploit; of lit'<1i>T«5v. 

cut PGR ampUficaiions overlaid, 'n^c nmplifkou- 
tions wore pcrfoniiod on a 1 :2 serial Olhitiora (dK 
human genomic i^NA. ilic amplified tiir|;«i wii*. 
human p octin. The :»mplifjcUion plotu Khifl to 
the right (to higher threshold cycles) the input 
targo» quantity is roducod. is cxpoctod ho- 
cauKU r<mt:tl(>nK with fawv.r starting copit^s of t)l0 
target molecule require greater aniplificaiion to 
degrade enough probe to Htruln llie rhreshdid 
fluorescence. An arbitiaiy threshold of 10 sttiri- 
dard deviations above the base line was used to 
dutcnnine tJjc C^j. values. Figure IC' represents the 
Cy valuer plotted versus the siunpJe diiutJou 
vaiue, Each dilution was nmplined in tripilcnic 
Pf^R hnipl^ficnricms and pU)tted as mean values 
Willi error bars representing one standard devia* 
tion. Tlie Cr valuci deereaiie linearly with increas- 
ing iPfgei quantity, 'inus, c;,. vaha:?i am be used 
as a qunntitHTive measujenicnt of the input target 
nuTTiher. Tt should be noted tliat tht* amplifica- 
lion plot for ihe 15.6*ng samj^le shown In lUgurc 
Ifl does not rci'Ifict the same fluorescent rate of 
increase exhibited by most of the oiiicr sam]Mes. 
The 15.6-ng sample also aehieves- (•ndpoinl pla- 
teau at a lower fiuoresceni vaJuc than would he 
cxfK'Cted based on the input UNA. Vhis pJu:TU)rn- 
cnon has been <jb*icrvc:d occasionally wiili Dtlier 
samples (data not sliown) arul may t>e attriijut- 
able to latft cycle inbibitio4j; this hypotliesis is 
stil] under irivestigation. It is iinpf>rlfln( to note 
that tlie flattened slope and ear]y plateau do not 
impact signlflcrantly the calculated Cj value us 
demonstrated by the Hi on tlie line sliown in 
Fij^ure 1 C, All triplicate amplifications resulted in 
vt^^y similar Cf vaJucs— tiic standard dcviHHon 
did not exceed 0.5 for any dlJulion. This experi- 
ment contains a >] 00,000-fold range of input tar- 
get molecules. Using Cy values for quaniJlation 
permits a much larger assay range than directly 
using total fluorescent emission Inlensiiy for 
qujiiaitation. The linear range oi lluorcsccni in- 
tensity measurt^ment o( the Alii Trlsm 7700 ie- 



mtMit.^ over n very large T;inj><» nf rpt;<tlve\t;4riln(i 
tar(*('t quantities. 

Sample Preparation Validation 

Several parameters influence the cHicU-nry nf 
PC:r umplification; magnesium and sail concen. 
iratioiis, reaction conditions (i.e., time and le.nv 
peraturc); PCK target si7.c and composition, 
primer sequences, and sample puriiy. All of tIic 
aliovc (aclors are common to a sinj^lc VCR assay, 
except sample to sampte purity, in an effort to 
validate the method of sam])le ])rcparation for 
tlie iacior VIJI assay, PCK ympliiiCdtion rrprocinr- 
ibility and oJlicicncy ol ]() replicate sample 
]m»|wr;itiOTis were exarnined. After genomic [^NA 
was j>repared from the 10 rtH plicate samples, the 
DNA was quaiiliialcd by ultraviolet spcciroscopy, 
Amplincailons were performed analyzing p-aciln 
)iene. content in 100 and of tt)tal ^aiomic 
IWA. Each I'C;K amplification was pcrfomicd in 
triplicate. C^ainpaTison of C^i- values for eacli tri]j- 
ILcate saiii])le show inir:imai variation based on 
standard deviation and coefildent of yarinnee 
(labie 1). Ilierefore, each ol tlic triplicate PCU 
amplifications was tilghly reproducible, tlemon- 
Sirating that real time VCii using this instrumcn- 
inllon introthices minimal variaiiim Into thK 
quaniitaiive VCIK analysis. C-onipwrison of tin: 
mean Cn values of the 10 replicate sample prepa- 
rations also showed niimmal variahility, indicat- 
ing iJiat tiaeh sample preparation yielded sLmilar 
results for f^-acttn gene quantity. 'J hc highest Cy 
<lifference I)etweL*ii any of fhe samples was 
and 0,73 for the ](K) ftnd 25 ng Siimples, respec- 
tively. Additiona/Iy. the ampllfU:alion of t:ai:ii 
sample exhibited an equivalent rate of fluorcS' 
cent emission inlensiiy change per amount of 
DNA target analyzed as indicaied by similar 
sIo]")es derived from ihc sample dilutions (Pig. 2). 
Any sample containing an excess of a PCU inhibi- 
tor would exhibit a greater measured 3-aciln 
vaRic for a given quaniiiy of DNy\. In addllion, 
the iniiibiioi would be diluted along wjtii Hut 
sample in the dilution anaiysi.s Z), altering 
the expected c;,. value change. Each sample am- 
piificotion yielded a similar result in the analysis, 
demons (rating liiat tliis meth<)d of sample prepn- 
ration is highly reproducible wllh regnrd to 
sample purity* 

Ouaiuitarive Analysis of a Plasmid After 

7ncR no/ aha w J «c:frT 7nn7/cn/7T 
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TabU 1, RoproduclbfiUty of S«mpi« Pr«paratlon Method 



Sampio 
no. 



7 
8 
9 
10 

Mean 



100 ng 



25 ng 



standard 
m^an dewlaiion 



CV 



18.24 
18.23 

18.33 

18.35 

1M4 

18.3 

18.3 

18.15 

18.23 

ia.32 

18.4 

18.38 

18,46 

18.54 

18.67 

19 

18.2B 

18.36 

18^2 

18.43 

18.7 

18.73 

18.18 

18.34 

18.26 

18.42 

18.67 

1 8.66 

0 10) 



1W,27 0.06 

"l^A? 0.06 

18.34 0.07 

18.23 COS 

1U.42 O.OA 

18.74 0.21 

18.39 0.12 

18.63 0.16 

18.29 0.1 

18.-12 0.17 



0.32 

0.36 
0.46 
0.23 
1.26 
0.66 
0.83 

0.6S 
0.90 



20.48 

20.55 

20.5/ 

20.61 

20.59 

70.41 

20.54 

20.6 

20.49 

20.48 

20.44 

20.38 

20.68 

20.87 

20.63 

21.09 

21.04 

21.04 

20.67 

20.73 

20.6S 

20.96 

20.84 

20.75 

20,46 

20.54 

20.48 

20.79 

20.78 

20.62 



standard 
mean deviation CV 



20.51 0.03 0.17 

?0..<>4 0.11 0.S4 

20.54 0.06 0,28 

20.43 0.05 0.26 

20.71 0.13 0.61 

21.06 0.03 0.15 

20.6R 0.04 0.2 

20,86 0,12 0.57 

20..'51 0.07 0..32 

20.73 0.1 0.^6 

20.66 0.19 0.94 



(or cont,iinirig a parlUii cDNA for hum^n factor 
vili, pWBTM. A itcrics of tr?ii>yfcclions wu.h sot 
up using a ticcrca^ing ai«ouni of the plasmid\40, 
4, 0.5, and O.l jjLg). 'INvt^niy-ftJur hours posi- 
tron 5 fee t ion, total nSJA wti3 purified from each 
flask uf irlb. p-Acliii i;riJt: quttiiUly wa^ cljux-n 
a vahjc Tor no( maIi/;cill»<n of ^^.-ntJifiic ONA cdn- 
ccnrruUoii fivui rttdi siviupk'. hi Ihis cxpni/Jicot, 
(i-actin Kcnc coi^ictai should ruttiain consiani 
rciaiive to coral ^ukjiiUc UNA. H^im* :i stiowh i)jv 
result of the p-actln t>NA incasureinent (100 
lOlQl DNA determined by ultraviolet specrtros- 
copy) Ot" each icuiijile. V^ch sample was analyzed 
in triplicate and the mean |i-actin Cr values of 
the liiplicates were plotted (error bars represent 

f*'*«^t.i«i'n ritAAMUimni I hf» hlohf^sr <iifff»rrnrr 



l>etw<n^n any 1 wo sampIo moans was 0.*)5 C,. Ten 
njnograni.s of lotyl DNA uf «ac)j sample were al&o 
rxaiiihiwi ftjr 0-aciln. llic results oft^am >howed 
Ihftt very sh Hilar amounl.s of genomic 1>NA were 
prc^ient; tin: maximum moan |i actio C:^ value 
cliffercj)ccr wa.s 1.0. M Jfigtirc 3 ahow.*:, tJie role of 
P-actlii Cr dJUfAK^- IxrLwecn the 100 and lO-og 
sajnxJlca was slmWur (sJoj>e valiio.<; hwtwccn 
3.56 tfiiU - 3.45). This verifies again ihni Our 
mclhotl of .sample prcpuroilon yields s.-iTnijlos of 
identical PCR inlcgrjt-y (i.o-. no r.amplt? cont.iined 
an excessive ainouni of <t PCR inhibitor). TTow- 
ever, thc-se results hidicate thut eiull sampl«con 
talned sHyht diffcieiKcs in the aciiifli amount of 
genumlc DNA aiiaJyy.cd. Determination of actual 
ttunujiiic 1>NA v.onccj'*^ ration was accomplished 
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21 £ 

21- 
K>.e 

to 



-1 

• * a 
- f . 4 



1^ 1.4 




1,0 1.0 1.7 1JI 1^ 

Io0 (ng Input gonomfe DMA) 



Fi^urts 2 $<if Mple piepAraiion pun'ty. 1 he repticdto 
sampies shown In Table.) woro amplified In 
tripicale (.ising 25 ng of each DNA iampic, The fig^ 
uit: showi Uie input DNA conccntffllion (TOO and 
25 ng) vs. C, In ih** tirjnrp, ih*» 100 nnd 75 ng 
pOinU (or each sample are connected by a line. 



\jy j^loUJng the incan (i-uctin C, value obtained 
for «at:h 100- iig MHinplv un .» f^.-acihi stnndiiril 
L-uive (shown Ir: J»Sh- 40>, Hic ocliial genomic 
ONA concciitr;t<*»"> t'^ each sumiiU*., ee, was ob 
tallied try cxtrapol/iUon U> tJ»w X u^^l&t 

Finviftt shows Uic measured (l-w,, luji^" 
normaUTied) qvuuUilk-^ wf factor VJIJ pliiMTiid 
ONA (preTM) (mtn each of the f<nir transient cvl] 
tr<iii>sfcc(ifm5. Each rcaciion conUiincd )00 of 
lotol 5<implft DNA (aa determined l)y UV spcctruii- 
copy}. V^ch s«mplc w;js unalyzcd in Jrip)u;ttlv 



2& 



23 



22 



21 



20. 



V * 27^3' >^r(Vrn- 1 



dPBTM tmnsfeote d 
k Q.i PS 



1 



f"" 
1^ 



1.4 IJ* 1.8 
log (ng Input DNA) 

Figure 5 Analybb uf Udnsfectcd cdl DHAquoniity 
and purity. Ihe DNA prtparatlons of Ihu four 293 
ceil transfections (40, A, 0.5, and 0.1 ^9 of pFSTM) 
were ana(y7ed for the 3-actln gene. 100 and 10 ng 
(delcrmin d by ultravioiel spectroscopy) of each 
sample were amplified in triplicate, For each 
amount of pF8TM thai was transfectcd, the fd-aciln 
Ct values are plotted versus the tolal input DNA 



■pert ;iirtpllficatiur>:*. Ak shown, yVBTU pvtrinvd 
,fitiic Jbc 29:4 cells decrcasai (moan Cj values in- 
t'TOusj'j) with decreasing amounts of pla.tmid 
.irumlrttcrCL Tliw mc»n C':^ values obtnined for 
phWKJ in'i'lgurc 4A were plotted ou y sUindurd 
curve cc»mprl.seJ uf licilally diluted pKHTM, 
shown .in figure 4R. Thu quaiility uJ pI'XJ'M, 
found in each of the four tronKfoctlonK was de- 
termined by cxtrnpfsiation to tho jf axiti of tho 
siandord curve In l^i^urc 4R. 'Hxtsc uncorrected 
values, b, for pl-'H'J'M w«rv JionnMU/Aid to deicr- 
fninc tiie ad us* I amount of ftrw nd per 100 

riK of genomic DNA by using ihc: cquaiitm:. 

{> X 10O lift ucUial prfTllvl copies per 
^ ^ 100 of i;cnomlc DNA 

where ■- actual genomic IWA in u sample and 
/jL.pPa'l'M copies /rom tlie standard curve, '11)0 
notmaJir-cd ^juanUty of pl'6TM per 100 ng of ge- 
nomic DNA for each oi* the four 1 r.insfccilons Is 
xnown in Hgure Mliot: rr^ulu Ahow vlifli ihc 
quanmy of factor Vlll plasmlU ci:>HKiutcU wuli 
t^C 2V3 cells, 21 hr aficr tr«jusfv.:c.nt*M, di:i.ii:.ise.s 
with UcuTCUSlnj; pJuMiiu) unuAinLiatiou u.scd in 
the iraiis/ctTtion, The quantity of pJ'ti'J'M n*30cJ- 
atcu wiin 293 cells, uftcr irunsfccilon with 40 n.g 
of pii'jKniid, was 35 pgp^r 100 ns s^^noiiilc UNA. 
This results in -520 j>l<isiiiid copies per cell, 



DISCUSSION 

We have described a new method /or qua n HI "t- 
iiift gene copy numbers usin^ r<SAi-tlmc ;maly-slN 
of PCK airipHfjcatlcmx. ReaMlmc PCM is compat- 
ible with either of the two FC:K (I<T-PCR) ap- 
proaches (1) quantUative cup»i«:iiiivi; where An 
UUenial cumpcLilOl' for each target .sequcficxj is 
uacC for normaliKQiJon (data not shown) or (2) 
quiiKiiiaUve comparative 1*CH us]j;b u uuiuirtliijci- 
tion gene contained within the sample [3-ac- 
tin) OS a "housekeeping" gens for RT-PfJK, If 
equal aoiount^ of nuciclc ucUi are anaJyml for 
each saxnplc and if the amplification effitirru-.y 
before quantitative an«iyslb I^ identical for wh 
saniplC; the iTirenial cujiliul (nunnali^'^ilioii >;ene 
or competircr) should give equal :»i>;nah for alJ 
Sfimplcs. 

The real-time PCK method <jffers scvcnil ad- 
vnnlaftos over the oihcr two methods currently 
employed (bCC Ihe Introduclion). I-irst, the real- 
time PGR m thod is perfonncd in a doscd-tubo 
system and requires no post-PCR m;mii>ulat!on 

^nno rtrti <>».<? w.T r»n •^►T taat / r»n /tt 
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Figure 4 at<*>ntItjitivo flnolyuiit of pFSTM in iransicctod cclb. (A) Amounl of 
pJasmid DNA used (or Ihq trunsfectlon ptottcci against lUn invu/i C, vatue deter- 
mi^fld for pfSTM remaining p,^ hr alter Irtinstcctlon. <C>Q Siandard curves of 
plHTKA and fi-actln, respectively. prQTM DNA <fl) and genomic. f^NA (Q were 
dilutftd fiArially 1 :5 before Amplificc^llon with the oppropnuic primeri. The p-actin 
standard curve wak* usod lo norrt>ali>c the results of /\ to 1 00 ng of genomic DNA. 
(0) The amoanl of pFSTM present p«:r 1 00 njj of genomic ONA, 



of ?;;)n^|Mc. Therefore, Iht* poU'»>ti«) fur TCU con- 
ianilnatic)!! in ihc labor^itory is rctluccd bccauNC 
AmpJlflod produciK can Ik» aualy/.ed and dispojjed 
of without opening tht» ro;€;nion tiibi»5. Sc<xind, 
(his method siippoiU Ojc UMt <>( a iKjriii;iliy.tilJuM 
xonc (i.e., p-actin) for quantitflKve PGR or hou.sc- 
kvcphig genes for tjuantitotWc Rl-l'Clt controls. 
Analysis is performed in real time during the iog 
please of product accumulation. Analysis dtiriaf; 
hjK phu5c permit.^ many different gcnc^ (over a 
wide input tar^rt ran^c) to be analy;'rd simulia- 
lUTtJusly, without concern of rcochijig rend ton 
plutcnu at different cycles, Tliitf will make uiulll- 
^eiU": at^alysJa assays much ca.-\iv.i Iv/ dc.velop, bc- 
Cftuac individual Lntcfnal unnpctiloii will noi txr 
needed for each ^cnc ujidcr anaJyals- Third, 
Aampic throughput will inLJca>e OranialitdJiy 
witli the new method because there ia no pojvt- 
rc.:K jiioccrt.^lng time. Additionally, woiking \n a 
*J6-wcll format \n highly Lonijjatible with autO' 
iiicition iechnolo^, 

The real-time 1>CR method is In'ghly repin- 
dutible. Rcpncattt amplifications can be amilyned 



for (^ncU sample nUnlml;dng ]>aicniltti ^rror. I ho. 
.systiTin ;ilUiws i\>T a very large assay dynamic 
runfte (iipproju^hing l,0(X},0O0-rold Marting Ui- 
jict). UtthiK a .standard curve for the target oi in* 
tcrest; rchiTJvc c(>r)y number values can be dclcr- 
mince! for any unkjiuwn Nujuplc. hJuorissctni 
IhrcsJjoId values, Cp coneJair. linearly with rela- 
tive DNA copy number.^. Heal time quanlltaUvK 
KT-I'CJK methodology (Cilb.suji ct al,, tiiis l.wuft) 
ba,n also been deveilopcd, J^inally, rcaJ time qu^ii- 
tifativc veil methodology can be used ti; develop 
hij;h-throu^hptit scrccnUig as.iay.s for n variety of 
oppJications fquantllnlJvc gene t^fneaaiun (RT- 
rClX), ^^cnc copy n.iaaya (ITcr^, IliV, ClC), gcni> 
typing (knockout mou^c analysis), and Jmmuno- 

Rcal*tin)e PCU itiay al.w he j^erformcKl using 
intcrcnJaliftg dyes (Higuchi ct al. such as 

ciJiJditnti bromide. The fluorogenie probe, 
method offers a mafor advantage over inter- 
calating dyes- greater specificity (i.e., prim.er 
dimvrs and nonspcrlHc PCR product.s ar*: not de- 
t^*vled). 
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METHODS 

Generation uf <t Plasnild Containing a Partial 
cDNA for Human Factor YIU 

•ru\Hl RNA Wfli )«irvrMcd (UNAkhI » (k»iu *t*<0 Tc$i, Inc., 
)-r)Vnd5v\'OOd, T>i) from w\W i t-nwfccloxl wtth a factor VI U 
txprvasiati vvn:(or, pC:iS2.tkaSIJ (Koion v\ uW 1VH6; Ctir. 
niflii ct al. 1990), A faelor VIII |>artial cUNA »*oriiirTHV WOS 
;.ciu.rnlca by IH' [^ioiioAmp )(/ mil ItNA m\ Kll 

(pan NW)R-(nyy, rK Ani>iui) Uiosyjicm^ i-tmvi c:a)J 

Uilni; Ihv l'C:it iniuivrs l^Hfor i'*Rfcv (prirm-r .w'ciiifuri-S 
arc shown beU)W). nit' annpHcoii was reamplirird OAlnj; 
iiKHlificcI I'tlfof and l^rcv primers c»Ji|x'mU'U with HutulU 
and ;/mcmj rcsUlctlon ^Irc stt|ucnc« hi 11k- y W'tl^ mul 
clonal into |Kil'.M- 3Z (IVonK^yu c;of|>„ MuOwod, WI).The 
result I nj^cionr, pVSTM, was iwctl lor trhnsicut iransrcalon 
oi' cells. 



Amplification of Target DNA aiul Dciccilon of 
Amplicon Factor VIII Plasmid DNA 

(phH'Ilvl) was *iinplint:U wllli tlitr i»niK-)A I'Bfof 5'-<:<;c:- 

criciccAACiAUitjACinCiTca' anct p»rt-v .s'-AAA<:(rr- 
t:AOC;crrGGA'JXi(j*rACiC;.3'.11i*i rvnviluii piuJiurO « 
itp KM product. 'J')H* forwurd primer wtw Uv>UnvO H; icw* 
i>2*nt7:t: u uxilquv M'tpiviiit* ^nuld It'i the ,V untran&KM^ 
re>;ic>n a( llu; pditriu pCU>2.tK2dJ> pIctMni^l and lhi:(cforc 
Ouv» Iiu( K'UiHfiUi.: itiid amplify ihc Ituuiaii foctor VIII 
^vuVf I'fiinnrft woro choKuu ywiiU Uiv ;iv»i%1i*iif(' e>f (he conu 
pulcr proxtuni Olis^^ 'l*^' (Nutianul lUuxctonccs^ InVi* lMy< 
mouth, MN). The human p-actt« p**no was nrnplincd wilh 
11 ic vrlinco fi-tu-tin Aii-wnrU primer Jl' TCACCXlAClAt nCT 
GCCCATCI ACX'.'A-.'?* anU ^-aciijj reverse piimcr :A(;. 
CGOAACc:ori'<:A n(;cc.AA*iCG-3'. The reacilon pro- 
ouceo 0 ivs np vCm prmlua. 

Amplification reuciions (SO ^) coiiuiini'il a DNA 
sample, )0X I'CR Hufff.r 11 (S 200 p.M UATl', UCIT, 
dGTP, and ^00 |tM rilJTP, 4 inM Mij<:l;.» l.^.S linlis Ampll 
r<uj DNA poiymciajtc, 0.5 unit Ainpwnsc uracil N-«iy- 
wwyluw (UHO), fiO ptnoivof cftch fftciOi VlII jirJiiwi, unci 15 
piiiolt* n{ itttdi p 3ic:tlrk pilinw. 'I1)Cf i<*ai'l)niv^ iiImi itunlalticd 
one of the foMowIng di't^'Ctlnn prnl«\K (KM) iim riuh}i 

GCCTT(TAMRA)p 3' nud p-«elin probe 5' (TAM)ATGf.:<:c:- 
XCrAMKA)C:CCCr:ATt:;c":CATCp-.l' whrrr p indioaics 
pImnphnrylAljnn nnd X Indifotcs a linker arm nucl«.itide. 
RccicLlon UiIh.'* wen.* Mi<:n7An\p Opiioal Tilings (part nunrj- 
WNkOI 00.1.1, Pcridn Ulnier) iJiat wwc froelt^tl t«t IVrfctfi 
nimcr) im-vcut li^fil /rom /cflccUnj;! 'I\ibc capi were 
slmil^iv tti Miert>AtVip C^nps hut apccialjy dciigncd to prc- 
Yenl 11^1 It seutterMtg. All <il l'<*U tiUniHuTiXihU'ft were su>>- 
|/li«.:cl by PK Applied IWosy^t^-ms (I'oaUT f!Uy, CA) except 
I hp factor Vlll prliuera, whitO* weie .^y nth(*sl/c*d al Ceiivn 
lech, Inc. (South rraiici-sco, CA). lurches wi-rt- dcsJ^necl 
ii.slng the Oh'i;f.' 4.0 5oflware, ft>lk»wlnj; gtildelhiv^ kuj*- 
jjcsiwi in mc MotU'l 7700 .Sequence Detirtt^r hLnuuuieul 
itiunuab Itrlcny, prut;e *J*„ iJiiniUl lie a1 least 5"C hij;hrr 
man nu* afuu*ullnx itftiipeMiwrc: uAcil durhi^; ilicrfiitil cy- 
rhtijj; primers should not fcuoi Nifihle duplexev with the 
pfobr. 

The theniii*! lyrllng coiitJilloivs Included 2 iiiln (it 
5U*'C and 10 rtiin ut 95"C. Hirj-mal eycling procrrdrd with 
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rcactioiu wore iMjrionued ii» ih<» Morlol 7 7tlt) .Sequence W- 
ti-«l<»r (l»U Appltet] Ulosiyiilvuiw), tA/hlrh contAhu 'a Cciv - 
Amp l'<':U Systwm \i<>O0. Uoacllon einictition^ wi rf pin* 
ftrunuKL'U uu .i I'wwwr Macinttijib 71 00 (Apple C-i.miptilOr, 

Ranta Clara, c;a) linked dirvnly lo the Mode! WOO .Sr- 
cjuciiw IXdffCtor, Ana'y»U of data w>v iU'rf/irm*«H nn 
the Mxi lntrsAh contpviier. Toll nrt ton and an;tlvcU citftwiuo 
wiu dC'Vclniw*! Ht 10-: Api)IUH.i Blo<y*iuins. 

Tran*fection of Cells with Fdctor Vlll Ccnsiruci 

J-nur T\7S flasks of 293 cells {ATCX: <:RU JS7:H), ?i hinnnn 
fclol kidney siJspenKion cell line, wvre urnwn lo R0% con- 
(lucncy anwl iranafcwd pl-fflM, Cells were k«»wti in tlu» 
follnwinjj mcdlnt 50% HAM'X H12 without OHT, ^0% ItnA) 
ftlucoao JluJl><:<N.N>'3 imKllflcd P^^lc incOiuni (UMUM) witli* 
oin glydt»u wiUi sodium bicarbtinato, 10% letfll lK>vinc 
scnnn, 2 ruM L-jciuldinlnc, And 1% peniciilin-strcplomy' 
vin. The media waa diariKcd 30 niln M^m* llic iiansroc 
lion, pl-t3'rNf WA amount* of 40, 4, OS, and 0.1 p.^; were 
iiUitwl it> ^,S ml of a solution wnialnlnR 0,l2.s m CmCI^: 
and ^ X IlKHiS. The four mixhjrejt wore left al room (em- 

|,H:,nitijri' Uit 1(J min and tiieii iitUle*! drupwln' to ll*e cells. 
TJie a<t^U> wvi»- bii..uljutcd al 37"C an»i 5% CX\ for 24 hr, 
waalicd with TltS. jftnJ n^^uApcndcd In PUS. The h'hiim 
jn-nd^rd cclb were divided into **luiui>l» und ONA wfti cv- 
tTJuiied Inuncdlulely uviuK llieQIAunip KUhkI Ki( CQiajjcn. 
C:ijot,'»m>rtl), CA), DNA wus cUUed hilo 200 30 h.m 

ivu-iia oipii H.o, 
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Contributed by David Botstein and Arnold /. Levine, October 21, 1998 

ABSTRACT Wnt family members are critical to many 
developmental processes, and components of the Wnt signal- 
ing pathway have been linked to tumorigenesis in familial and 
sporadic colon carcinomas. Here we report the identification 
of two genes, WISP-1 and WISP-2, that are up-regulated in the 
mouse mammary epithelial cell line C57MG transformed by 
Wnt-1, but not by Wnt-4. Together with a third delated gene, 
WISP'3j these proteins define a subfamily of the connective 
tissue growth factor family. Two distinct systems demon- 
strated WISP induction to be associated with the expression of 
Wnt-1. These included (i) C57MG cells infected with a Wnt-1 
retroviral vector or expressing Wnt-1 under the control of a 
tetracylihe repressible promoter, and (it) Wnt-1 transgenic 
mice. The WISP-l gene was localized to human chromosome 
8q24.1-8q24 J. WISP-l genomic DNA was amplified in colon 
cancer cell lines and in human colon tumors and its RNA 
overexpressed (2- to > 30-fold) in 84% of the tumors examined 
compared with patient-matched normal mucosa. WISPS 
mapped to chromosome 6q22-6q23 and also was overex- 
pressed (4- to > 40-fold) in 63% of the colon tumors analyzed, 
in contrast, WISP'2 mapped to human chromosome 20ql2- 
20ql3 and its DNA was amplified, but RNA expression was 
reduced (2- to > 30-fold) in 79% of the tumors. These results 
suggest that the WISP genes may be downstream of Wnt-1 
signaling and that aberrant levels of WISP expression in colon 
cancer may play a role in colon, tumorigenesis. 



Wnt-1 is a member of an expanding family of cysteine-rich, 
glycosylated signaling proteins that mediate diverse develop- 
mental processes such as the control of ceil proliferation, 
adhesion, cell polarity, and the establishment of cell fates (1, 
2). Wnt-1 originally was identified as an oncogene activated by 
the insertion of mouse mammary tumor virus in virus-induced 
mammary adenocarcinomas (3, 4). Although Wnt-1 is not 
expressed in the normal mammary gland, expression of Wnt-1 
in transgenic mice causes mammary tumors (5). 

In mammalian cells, Wnt family members initiate signaling 
by binding to the seven-transmembrane spanning Frizzled 
receptors and recruiting the cytoplasmic protein Dishevelled 
(Dsh) to the cell membrane (1, 2, 6). Dsh then inhibits the 
kinase activity of the normally constitutively active glycogen 
synthase kinase-3j3 (GSK-3^) resulting in an increase in 
j3-catenin levels. Stabilized )3-catenin interacts with the tran- 
scription factor TCF/Lef 1, forming a complex that appears in 
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the nucleus and- binds TCF/Lefl target DNA elements to 
activate transcription (7, 8). Other experiments suggest that 
the adenomatous polyposis coli (APC) tumor suppressor gene 
also plays an important role in Wnt signaling by regulating 
^-catenin levels (9). APC is phosphorylated by GSK-3P, binds 
to j3-catenin, and facilitates its degradation. Mutations in 
either APC or j3-catenin have been associated with colon 
carcinomas and melanomas, suggesting these mutations con- 
tribute to the development of these types of cancer, implicating 
the Wnt pathway in tumorigenesis (1). 

Although much has been learned about the Wnt signaling 
pathway over the past several years, only a few of the tran- 
scriptionally activated downstream components activated by 
Wnt have been characterized. Those that have been described 
cannot account for all of the diverse functions attributed to 
Wnt signaling. Among the candidate Wnt target genes are 
those encoding the nodal-related 3 gene, Xnr3j a member of 
the transforming growth factor (TGF)-j3 superfamily, and the 
homeobox genes, engrailed, goosecoid, twin (Xtwn), and siamois 
(2). A recent report also identifies c-myc as a target gene of the 
Wnt signaling pathway (10). 

To identify additional downstream genes in the Wnt signal- 
ing pathway that are relevant to the transformed cell pheno- 
type, we used a PCR-based cDNA subtraction strategy, sup- 
pression sub tractive hybridization (SSH) (11), using RNA 
isolated from C57MG mouse mammary epithelial cells and 
C57MG cells stably transformed by a Wnt-1 retrovirus. Over- 
expression of Wnt-1 in this cell line is sufficient to induce a 
partially transformed phenotype, characterized by elongated 
and refractile cells that lose contact inhibition and form a 
multilayered array (12, 13). We reasoned that genes differen- 
tially expressed between these two cell lines might contribute 
to the transformed phenotype. 

In this paper, we describe the cloning and characterization 
of two genes up-regulated in Wnt-1 transformed cells, WISP-1 
and WISP-2, and a third related gene, WISPS, The WISP genes 
are members of the CCN family of growth factors, which 
includes connective tissue growth factor (CTGF), Cyr61» and 
/10V, a family not previously linked to Wnt signaling. 

MATERIALS AND METHODS 

SSH. SSH was performed by using the PCR-Select cDNA 
. Subtraction Kit (CLONTECH). Tester double-stranded 

Abbreviations: TGF, transforming growth factor; CTGF, connective 
tissue growth factor; SSH, suppression subtractive hybridization; 
VWC, von Willebrand factor type C module. 
Data deposition: The sequences reported in this paper have been 
deposited in the Genbank database (accession nos. AF100777, 
AF100778. AF100779, AF100780, and AF100781). 
"iTo whom reprint requests should be addressed, e-mail: diane@gene. 
com. 
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cDNA was synthesized from 2 fi-g of poly(A)'^ RNA isolated 
from the C57MG/Wnt-1 cell line and driver cDNA from 2 p,g 
of poly(A)'' RNA from the parent C57MG cells. The sub- 
tracted cDNA library was subcloned into a pGEM*T vector for 
further analysis. 

cDNA Library Screening, Clones encoding full-length 
mouse WlSP-l were isolated by screening a AgtlO mouse 
embryo cDNA library (CLONTECH) with a 70-bp probe from 
the original partial clone 568 sequence corresponding to amino 
acids 128-169. Clones encoding full-length human WISP-1 
were isolated by screening AgtlO lung and fetal kidney cDNA 
libraries with the same probe at low stringency. Clones en- 
coding full-length mouse and human WlSP-l were isolated by 
screening a C57MG/Wnt-1 or human fetal lung cDNA library 
with a probe corresponding to nucleotides 1463-1512. Full- 
length cDNAs encoding WISP-S were cloned from human 
bone marrow and fetal kidney libraries. 

Expression of Human WISP RNA, PCR amplification of 
first-strand cDNA was performed with human Multiple Tissue 
cDNA panels (CLONTECH) and 300 yM of each dNTP at 
94°C for 1 sec, 62°C for 30 sec, 72*'C for 1 min, for 22-32 cycles. 
WISP and glyceraldehyde-3-phosphate dehydrogenase primer 
sequences are available on request. 

In Situ Hybridization. ^^P-labeled sense and antisense ribo- 
probes were transcribed from an 897-bp PCR product corre- 
sponding to nucleotides 601-1440 of mouse WISP-l or a 
294-bp PCR product corresponding to nucleotides 82-375 of 
mouse WISP'2. All tissues were processed as described (40). 

Radiation Hybrid Mapping. Genomic DNA from each 
hybrid in the Stanford G3 and Genebridge4 Radiation Hybrid 
Panels (Research Genetics, Huntsville, AL) and human and 
hamster control DNAs were PCR-amplified, and the results 
were submitted to the Stanford or Massachusetts Institute of 
Technology web servers. 

Celi Lines, Tumors, and Mucosa Specimens. Tissue speci- 
mens were obtained from the Department of Pathology (Uni- 
versity of Pittsburgh) for patients undergoing colon resection 
and from the University of Leeds, United Kingdom. Genomic 
DNA was isolated (Qiagen) from the pooled blood of 10 
normal human donors, surgical specimens, and the following 
ATCC human cell lines: SW480, COLO 320DM, HT-29, 
WiDr, and SW403 (colon adenocarcinomas), SW620 (lymph 
node metastasis, colon adenocarcinoma), HCT 116 (colon 
carcinoma), SK-CO-1 (colon adenocarcinoma, ascites), and 
HM7 (a variant of ATCC colon adenocarcinoma cell line LS 
174T). DNA concentration was determined by using Hoechst 
dye 33258 intercalation f luorimetry. Total RNA was prepared 
by homogenization in 7 M GuSCN followed by centrifugation 
over CsCl cushions or prepared by using RNAzol. 

Gene Amplification and RNA Expression Analysis. Relative 
gene amplification and RNA expression of WISPs and c-myc in 
the cell lines, colorectal tumors, and normal mucosa were 
determined by quantitative PCR. Gene-specific primers and 
fluorogenic probes (sequences available on request) were 
designed and used to amplify and quantitate the genes. The 
relative gene copy number was derived by using the formula 
2('^«) where ACt represents the difference in amplification 
cycles required to detect the WISP genes in peripheral blood 
lymphocyte DNA compared with colon tumor DNA or colon 
tumor RNA compared with normal mucosal RNA. The 
a-method was used for calculation of the SE of the gene copy 
number or RNA expression level. The W75f*-specific signal was 
normalized to that of the glyceraldehyde-3-phosphate dehy- 
drogenase housekeeping gene. All TaqMan assay reagents 
were obtained from Perkin-Elmer Applied Biosystems. 

RESULTS 

Isolation of WISP-1 and WISP-2 by SSH. To identify Wnt- 
1-inducible genes, we used the technique of SSH using the 
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mouse mammary epithelial cell line C57MG and C57MG cells 
that stably express Wnt-1 (11). Candidate differentially ex- 
pressed cDNAs (1,384 total) were sequenced. Thirty-nine 
percent of the sequences matched known genes or homo- 
logues, 32% matched expressed sequence tags, and 29% had 
no match. To confirm that the transcript was differentially 
expressed, semiquantitative reverse transcription-PCR and 
Northern analysis were performed by using mRNA from the 
C57MG and C57MG/Wnt-1 cells. 

Two of the cDNAs, WISP-I and WISP-2, were differentially 
expressed, being induced in the C57MG/Wnt-1 cell line, but 
not in the parent C57MG cells or C57MG cells overexpressing 
Wnt-4 (Fig. 1 A and B). Wnt-4, unlike Wnt-1, does not induce 
the morphological transformation of C57MG cells and has no 
effect on p-catenin levels (13, 14). Expression of WISP-1 was 
up-regulated approximately 3-fold in the C57MG/Wnt-1 cell 
line and WISP-2 by approximately 5-foid by both Northern 
analysis and reverse transcription-PCR. 

An independent, but similar, system was used to examine 
WISP expression after Wnt-1 induction. C57MG cells express- 
ing the Wnt-I gene under the control of a tetracycline- 
repressible promoter produce low amounts of Wnt-1 in the 
repressed state but show a strong induction of Wnt-l mRNA 
and protein within 24 hr after tetracycline removal (8). The 
levels of Wnt-1 and WISP RNA isolated from these cells al 
various times after tetracycline removal were assessed by 
quantitative PCR. Strong induction of Wni-1 mRNA was seen 
as early as 10 hr after tetracycline removal. Induction of WISP 
mRNA (2- to 6-fold) was seen at 48 and 72 hr (data not shown). 
These data support our previous observations that show that 
WISP induction is correlated with Wnt-1 expression. Because 
the induction is slow, occurring after approximately 48 hr, the 
induction of WISPs may be an indirect response to Wnt-1 
signaling, 

cDNA clones of human WlSP-1 were isolated and the 
sequence compared with mouse WISP-1 . The cDNA sequences 
of mouse and human WISP-I were 1,766 and 2,830 bp in length, 
respectively, and encode proteins of 367 aa, with predicted 
relative molecular masses of 40,000 (Mr 40 K). Both have 
hydrophobic N-terminal signal sequences, 38 conserved cys- 
teine residues, and four potential N-linked glycosylation sites 
and are 84% identical (Fig. 24). 

Full-length cDNA clones of mouse and human WISP'2 were 
1,734 and 1,293 bp in length, respectively, and encode proteins 
of 251 and 250 aa, respectively, with predicted relative molec- 
ular masses of «*27,000 (Mr 27 K) (Fig. 2B). Mouse and human 
WISP-2 are 73% identical. Human WISP-2 has no potential 
N-linked glycosylation sites, and mouse WISP-2 has one at 

C57MQ 



Parem Wnt-1 




Fig. 1. WISP-I and mSP-2 are induced by Wnt-1, but not Wnt-4, 
expression in C57MG cells. Northern analysis of WlSP-l (A) and 
WlSP-2 (B) expression in C57MG, C57MG/Wnt-1, and C57MG/ 
Wnt-4 cells. Poly(A)'^ RNA (2 fig) was subjected to Northern blot 
analysis and hybridized with a 70-bp mouse WISP-i-spe,c\T\c probe 
(amino acids 278-300) or a 190-bp W75/'-2-specific probe (nucleotides 
1438-1627) in the 3' untranslated region. Blots were rehybridized with 
human ^-actin probe. 



Cell Biology, Medical Sciences: Pennica et at. 



Proc. Natl. Acad. ScL USA 95 (1998) 14719 



humM.W»P-1 HI 





'A',' A /. A A 




^m2 






Kll'-ttr DUMM 




t:-.:r::::: 






:f:::v; 










< ,-. .•: /■<.::. A V V ; s y}-. " - . a f-- 


















;|-:;:;:;::;:;::| 


t;;;;::;;::: 


■mi 








mm 






.mm 

















Fig. 2. Encoded amino acid sequence alignment of mouse and 
human WISP-I {A) and mouse and human mSP-2 {B). The potential 
signal sequence, insulin-like growth factor-binding protein (IGF-BP), 
VWC, thrombospondin (TSP). and C- terminal (CT) domains are 
underlined. 

position 197. lVISP-2 has 28 cysteine residues that are con- 
served among the 38 cysteines found in WISP-L 

Identification of )l75i'-3. To search for related proteins, we 
screened expressed sequence tag (EST) databases with the 
WISP-1 protein sequence and identified several ESTs as 
potentially related sequences. We identified a homologous 
protein that we have called WISP-3. A full-length human 
WlSP-3 cDNA of 1,371 bp was isolated corresponding to those 
ESTs that encode a'354-aa protein with a predicted molecular 
mass of 39,293. WISP-3 has two potential N-linked glycosyl- 
ation sites and 36 cysteine residues. An alignment of the three 
human WISP proteins shows that WISP-1 and WlSP-3 are the 
most similar (42% identity), whereas WISP-2 has 37% identity 
with WISP-1 and 32% identity with WISP-3 (Fig. 14). 

WISPs Are Homologous to the CTGF Family of Proteins, 
Human WISP-I, WISP~2, and WISPS are novel sequences; 
however, mouse WISP-I is the same as the recently identified 
Elml gene. Elml is expressed in low, but not high, metastatic 
mouse melanoma cells, and suppresses the in vivo growth and 
metastatic potential of K- 1735 mouse melanoma cells (15). 
Human and mouse WISP-2 are homologous to the recently 
described rat gene, rCop-I (16). Significant homology (36- 
44%) was seen to the CCN family of growth factors. This family 
includes three members, CTGF, Cyr61, and the protoonco- 
gene nov. CTGF is a chemotactic and mitogen ic factor for 
fibroblasts that is implicated in wound healing and fibrotic 
disorders and is induced byTGF-jS (17). Cyr61 is an extracel- 
lular matrix signaling molecule that promotes cell adhesion, 
proliferation, migration, angiogenesis, and tumor growth (18, 
19). nov (nephroblastoma overexpressed) is an immediate 
early gene associated with quiescence and found altered in 
Wilms tumors (20). The proteins of the CCN family share 
functional, but not sequence, . similarity to Wnt-1. All are 
secreted, cysteine-rich heparin binding glycoproteins that as- 
sociate with the cell surface and extracellular matrix. 

WISP proteins exhibit the modular architecture of the CCN 
family, characterized by four conserved cysteine-rich domains 
(Fig. 3B) (21). The N-terminal domain, which includes the first 
12 cysteine residues, contains a consensus sequence (GCGC- 
CXXC) conserved in most insulin-like growth factor (IGF)- 
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Fig. 3. (-r^) Encoded amino acid sequence alignment of human 
WISPs. The cysteine residues of WISP-1 and WXSP-2 that are not 
present in WISP-3 are indicated with a dot. (B) Schematic represen- 
tation of the WISP proteins showing the domain structure and cysteine 
residues (vertical lines). The four cysteine residues in the VWC domain 
that are absent in WISP-3 are indicated with a dot. (C) Expression of 
WISP mRNA in human tissues. PGR was performed on human 
multiple-tissue cDNA panels (CLONTECH) from the indicated adult 
and fetal tissues. 

binding proteins (BP). This sequence is conserved in WISP-2 
and WISP-3, whereas WISP-1 has a glutamine in the third 
position instead of a glycine. CTGF recently has been shown 
to specifically bind IGF (22) and a truncated nov protein 
lacking the IGF-BP domain is oncogenic (23). The von Wil- 
lebrand factor type C module (VWC), also found in certain 
coUagens and mucins, covers the next 10 cysteine residues, and 
is thought to participate in protein complex formation and 
oligomerization (24). The VWC domain of WISP-3 differs 
from all CCN family members described previously, in that it 
contains only six of the 10 cysteine residues (Fig. 3 A and B). 
A short variable region follows the VWC domain. The third 
module, the thrombospondin (TSP) domain is involved in 
binding to sulfated glycoconjugates and contains six cysteine 
residues and a conserved WSxCSxxCG motif first identified in 
thrombospondin (25). The C-terminal (CT) module contain- 
ing the remaining 10 cysteines is thought to be involved in 
dimerization and receptor binding (26). The CT domain is 
present in all CCN family members described to date but is 
absent in WISP-2 (Fig. 2 A and B). The existence of a putative 
signal sequence and the absence of a transmembrane domain 
suggest that WISPs are secreted proteins, an observation 
supported by an analysis of their expression and secretion from 
mammalian cell and baculovirus cultures (data not shown). 

Expression of WISP mRNA in Human Tissues, Tissue- 
specific expression of human WISPs was characterized by PCR 
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analysis on adult and fetal multiple tissue cDNA panels. 
[VISF-1 expression was seen in the adult heart, kidney, lung, 
pancreas, placenta, ovary, small intestine, and spleen (Fig. 3C). 
Little or no expression was detected in the brain, liver, skeletal 
muscle, colon, peripheral blood leukocytes, prostate, testis, or 
thymus. WISP-l had a more restricted tissue expression and 
was detected in adult skeletal muscle, colon, ovary, and fetal 
lung. Predominant expression of WJSP-S was seen in adult 
kidney and testis and fetal kidney. Lower levels of WISPS 
expression were detected in placenta, ovary, prostate, and 
small intestine. 

In Situ LocalizatioD of WISP-l and WISP'2, Expression of 
WISP- 1 and WISP'2 was assessed by in situ hybridization in 
mammary tumors from Wnt-1 transgenic mice. Strong expres- 
sion of WISP'I was observed in stromal fibroblasts lying within 
the fibrovascular tumor stroma (Fig. 4 A-D), However, low- 
level WISP'I expression also was observed focally within tumor 
cells (data not shown). No expression was observed in normal 
breast. Like WISP- 1 y WISP-2 expression also was seen in the 
tumor stroma in breast tumors from Wnt-1 transgenic animals 
(Fig. 4 E-H). However, WISP-2 expression in the stroma was 
in spindle-shaped cells adjacent to capillary vessels, whereas 




Fig. 4. {A, C, E, and G) Representative hematoxylin/eosin-stained 
images from breast tumors in Wnt-1 transgenic mice. The correspond- 
ing dark-field images showing WISP- 1 expression are shown in B and 
D. The tumor is a moderately well-differentiated adenocarcinoma 
showing evidence of adenoid cystic change. At low power (A and 5), 
expression of WlSP-l is seen in the delicate branching fibrovascular 
tumor stroma (arrowhead). At higher magnification, expression is seen 
in the stromal(s) fibroblasts (C and O), and tumor cells are negative. 
Focal expression of WISP- 1, however, was observed in tumor cells in 
some areas. Images of WISP-2 expression are shown in E~H. At low 
power {E and F\ expression of WISP-2 is seen in cells lying within the 
fibrovascular tumor stroma. At higher magnification, these cells 
appeared to be adjacent to capillary vessels whereas tumor cells are 
negative (G and ff). 



the predominant cell type expressing WISP-I was the stromal 
fibroblasts. 

Chromosome Localization of the WISP Genes. The chro- 
mosomal location of the human WISP genes was determined 
by radiation hybrid mapping panels. WISP-I is approximately 
3.48 cR from the meiotic marker AFM259xc5 [logarithm of 
odds (lod) score 16.31] on chromosome 8q24.1 to 8q24.3, in the 
same region as the human locus of the novH family member 
(27) and roughly 4 Mbs distal to Q-myc (28). Preliminary fine 
mapping indicates that WISP-1 is located near D8S1712 STS. 
WISP-2 is linked to the marker SHGC-33922 (lod = 1,000) on 
chromosome 20ql2-20ql3.1. Human WISPS mapped to chro- 
mosome 6q22-6q23 and is linked to the marker AFM211ze5 
(lod = 1,000). WISP-3 is approximately 18 Mbs proximal to 
CTGF and 23 Mbs proximal to the human cellular oncogene 
MYB (27, 29). 

Amplification and Aberrant Expression of WISPs in Human 
Colon Tumors. Amplification of protooncogenes is seen in 
many human tumors and has etiological and prognostic sig- 
nificance. For example, in a variety of tumor types, c-myc 
amplification has been associated with malignant progression 
and poor prognosis (30). Because WISP-I resides in the same 
general chromosomal location (8q24) as c-myc, we asked 
whether it was a target of gene amplification, and, if so, 
whether this amplification was independent of the c-myc locus. 
Genomic DNA from human colon cancer cell lines was 
assessed by quantitative PGR and Southern blot analysis. (Fig. 
5 A and B). Both methods detected similar degrees of WISP-I 
amplification. Most cell lines showed significant (2- to 4-fold) 
amplification, with the HT-29 and WiDr cell lines demonstrat- 
ing an 8-fold increase. Significantly, the pattern of amplifica- 
tion observed did not correlate with that observed for c-myc, 
indicating that the c-myc gene is not part of the amplicon that 
involves the WISP-I locus. 

We next examined whether the WISP genes were amplified 
in a panel of 25 primary human colon adenocarcinomas. The 
relative WISP gene copy number in each colon tumor DNA 
was compared with pooled normal DNA from 10 donors by 
quantitative PGR (Fig. 6). The copy number of WISP-I and 
WISP-2 was significantly greater than one, approximately 
2-fold for WISP-I in about 60% of the tumors and 2- to 4-fold 
for WISP-2 in 92% of the tumors {P < 0.001 for each). The 
copy number for WISP-3 was indistinguishable from one {P = 
0.166). In addition, the copy number of WISP-2 was signifi- 
cantly higher than that of WISP-I {P < 0.001). 

The levels of WISP transcripts in RN A. isolated from 19 
adenocarcinomas and their matched normal mucosa were 




Fig. 5; Amplification of WISP- 1 genomic DNA in colon cancer cell 
lines. (A) Amplification in cell line DNA was determined by quanti- 
tative PCR. (B) Southern blots containing genomic DNA (10 pig) 
digested with EcoRl (WISP-I) or Xbal (c-myc) were hybridized with 
a 100-bp human WISP-I probe (amino acids 186-219) or a human 
c-myc probe (located at bp 1901-2000). The WISP and myc genes are 
detected in normal human genomic DNA after a longer film exposure. 
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Fig. 6. Genomic amplification of WISP genes in human colon 
tumors. The relative gene copy number of the WISP genes in 25 
adenocarcinomas was assayed by quantitative PCR, by comparing 
DNA from primary human tumors with pooled DNA from 10 healthy 
donors. The data are means ± SEM from one experiment done in 
triplicate. The experiment was repeated at least three times. 

assessed by quantitative PGR (Fig. 7). The level of WISP-1 
RNA present in tumor tissue varied but was significantly 
increased (2- to >25-fold) in 84% (16/19) of the human colon 
tumors examined compared with normal adjacent mucosa. 
Four of 19 tumors showed greater than 10-fold overexpression. 
In contrast, in 79% (15/19) of the tumors examined, WISP'2 
RNA expression was significantly lower in the tumor than the 
mucosa. Similar to WISP-I, WISP-S RNA was overexpressed in 
63% (12/19) of the colon tumors compared with the normal 
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Fig, 7. WISP RNA expression in primary human colon tumors 
relative to expression in normal mucosa from the same patient. 
Expression of WISP mRNA in 19 adenocarcinomas was assayed by 
quantitative PCR. The Dukes stage of the tumor is listed under the 
sample number. The data are means ± SEM from one experiment 
done in triplicate. The experiment was repeated at least twice. 



mucosa. The amount of overexpression of WISPS ranged from 
4- to >40-fold. 

DISCUSSION 

One approach to understanding the molecular basis of cancer 
is to identify differences in gene expression between cancer 
cells and normal cells. Strategies based on assumptions that 
steady-state mRNA levels will differ between normal and 
malignant cells have been used to clone differentially ex- 
pressed genes (31). We have used a PCR-based selection 
strategy, SSH, to identify genes selectively expressed in 
C57MG mouse mammary epithelial cells transformed by 
Wnt-1. 

Three of the genes isolated, WISP-1, WISP'2, and WISPS, 
are members of the CCN family of growth factors, which 
includes CTGF, Cyr61, and nov, a family not previously linked 
to Wnt signaling. 

Two independent experimental systems demonstrated that 
WISP induction was associated with the expression of Wnt-1. 
The first was C57MG cells infected with a Wnt-1 retroviral 
vector or C57MG cells expressing Wnt-1 under the control of 
a tetracyline-repressible promoter, and the second was in 
Wnt-1 transgenic mice, where breast tissue expresses Wnt-1, 
whereas normal breast tissue does not. No WISP RNA expres- 
sion was detected in mammary tumors induced by polyoma 
virus middle T antigen (data not shown). These data suggest 
a link between Wnt-1 and WISPs in that in these two situations, 
WISP induction was correlated with Wnt-1 expression. 

It is not clear whether the WISPs are directly or indirectly 
induced by the downstream components of the Wnt-1 signaling . 
pathway (i.e., p-catenin-TCF-l/Lefl). The increased levels of 
WISP RNA were measured in Wnt-l-transformed cells, hours 
or days after Wnt-1 transformation. Thus, WISP expression 
could result from Wnt-1 signaling directly through jS-catenin 
transcription factor regulation or alternatively through Wnt-1 
signaling turning on a transcription factor, which in turn 
regulates WISPs. 

The WISPs define an additional subfamily of the CCN family 
of growth factors. One striking difference observed in the 
protein sequence of WlSP-2 is the absence of a CT domain, 
which is present in CTGF, Cyr61, nov, WISP-1, and WlSP-3. 
This domain is thought to be involved in receptor binding and 
dimerization. Growth factors, such as TGF-/3, platelet-derived 
growth factor, and nerve growth factor, which contain a cystine 
knot motif exist as dimers (32). It is tempting to speculate that 
WlSP-1 and WISP-3 may exist as dimers, whereas WlSP-2 
exists as a monomer. If the CT domain is also important for 
receptor binding, .WISP-2 may bind its receptor through a 
different region of the molecule than the other CCN family 
members. No specific receptors have been identified for CTGF 
or nov. A recent report has shown that integrin ayp^ serves as 
an adhesion receptor for Cyr61 (33). 

The strong expression of WISP-1 and WISP-2 in cells lying 
within the fibrovascular tumor stroma in breast tumors from 
Wnt-1 transgenic animals is consistent with previous obser- 
vations that transcripts for the related CTGF gene are pri- 
marily expressed in the fibrous stroma of mammary tumors 
(34). Epithelial cells are thought to control the proliferation of 
connective tissue stroma in mammary tumors by a cascade of 
growth factor signals similar to that controlling connective 
- tissue formation during wound repair. It has been proposed 
that mammary tumor cells or inflammatory cells at the tumor 
interstitial interface secrete TGF-)31, which is the stimulus for 
stromal proliferation (34). TGF-j31 is secreted by a large 
percentage of malignant breast tumors and may be one of the 
growth factors that stimulates the production of CTGF and 
WISPs in the stroma. 

It was of interest that WISP-1 and WISP-2 expression was 
observed in the stromal cells that surrounded the tumor cells 
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(epithelial cells) in the Wht*l transgenic mouse sections of 
breast tissue. This finding suggests that paracrine signaling 
could occur in which the stromal cells could supply. WISP-1 and 
WISP-2 to regulate tumor cell growth on the WISP extracel- 
lular matrix. Stromal cell-derived factors in the extracellular 
matrix have been postulated to play a role in tumor cell 
migration and proliferation (35). The localization of WISP- 1 
and WISP-2 in the stromal cells of breast tumors supports this 
paracrine model. 

An analysis of WISP- 1 gene amplification and expression in 
human colon tumors showed a correlation between DNA 
amplification and overexpression, whereas overexpression of 
WISP-3 RNA was seen in the absence of DNA amplification. 
In contrast, WISP-2 DNA was amplified in the colon tumors, 
but its mRNA expression was significantly reduced in the 
majority of tumors compared with the expression in normal 
colonic mucosa from the same patient. The gene for human 
WISP''2 was localized to chromosome 20ql2-20ql3, at a region 
frequently amplified and associated with poor prognosis in 
node negative breast cancer and many colon cancers, suggest- 
ing the existence of one or more oncogenes at this locus 
(36-38). Because the center of the 20ql3 amplicon has not yet 
been identified, it is possible that the apparent amplification 
observed for WISP-2 may be caused by another gene in this 
amplicon. 

A recent manuscript on rCop-I, the rat orthologue of 
WISP-2, describes the loss of expression of this gene after cell 
transformation, suggesting it may be a negative regulator of 
growth in ceil lines (16). Although the mechanism by which 
WISP-2 RNA expression is down-regulated during malignant 
transformation is unknown, the reduced expression of WISP-2 
in colon tumors and cell lines suggests that it may function as 
a tumor suppressor. These results show that the WISP genes 
are aberrantly expressed in colon cancer and suggest that their 
altered expression may confer selective growth advantage to 
the tumor. 

Members of the Wnt signaling pathway have been impli- 
cated in the pathogenesis of colon cancer, breast cancer, and 
melanoma, including the tumor suppressor gene adenomatous 
polyposis coli and )S-catenin (39). Mutations in specific regions 
of either gene can cause the stabilization and accumulation of 
cytoplasmic p-catenin, which presumably contributes to hu- 
man carcinogenesis through the activation of target genes such 
as the WISPs. Although the mechanism by which Wnt-1 
transforms cells and induces tumorigenesis is unknown, the 
identification of WISPs as genes that may be regulated down- 
stream of Wnt-1 in C57MG cells suggests they could be 
important mediators of Wnt-1 transformation. The amplifica- 
tion and altered expression patterns of the WISPs in human 
colon tumors may indicate an important role for these genes 
in tumor development, , 
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Wc have developed a novel "real tlm€" quantluilvc PCR mcihod. The method meafiuret PCR piX^clnr 
Tc umal'c^o ^h^u^^^ a duaW.h.l.d nuoio^enlc probe TaqMcin Prob.). This mclhod Provldc^^^ 
accurare .nd reproducible qunntUation of Rene copies. Unlike oU^r quanlilallve PCR mcihods, rcal-l me rcR 
does nor require poM-PCR santple handlliie, prevenilng potential PCR product carrynoycr ^ontamhmion and 
resulrin, l,muJf.siey and higher throughpuc assays. The r..Ulm PCR mothc>d has a vcr^J^rge d^^^^ 
range of starling target molecule deiermlnntlon (at least nvc orders of maenitudc). ReaUlme qiianiiiarlvc 
PCR is extremely accurate and less iahornntensive thr.n current quantitative PCR methods. 



Quantitative nudeic acid sequence «Tiiiiysjs Jias 
i^ad nn impofinnt role in maiiy fields of hiologi- 
cal rcscnrch. Mcasuiciueiit of geue expression 
(RNA) has b(w.n used cxTcnsivcly In nuniltoiiJig 
biological responses to various slimulj Clan v\ ah 
mn; HuanR el al. 1995a,h; Prud'hommc el al 
1995). Quaniiiaiivo geni* analysis (r;NA) has 
iH-cti M5cU Ut d«it:rmine the fjcntJiiK* 4uaijLlly of 3 
l>artitnilar gcnc; as in the case ot t ho human HEH2 
gciie, which is amplified in -30% of breast tii- 
mors (Slamoi) ct ai. 1987). CJcnc and gcnoim* 
quantitation (i)NA and UNA) also have been used 
for analysis of human inummodcficicncy virus 
(ilJV) burden dcmonslrnling changes in tlic Jcv- 
ds of virus tluoughoul the different phases of the 
disease (Connor «t al. 1993; i^lHtali cl al. iw.'Sh; 
J-urtado el al. IWS). 

Many methods have heen descrihcd for ti)i: 
quantitative analysis ot m)cUdC acid s^^qucnces 
(hoih for RNA and DNA; iiouthcm 1 Sharp ci 
al. i9Kt); Thomas T9«0). Recently, ih;k lias 
proven to be a powerful tool for quantitative 
nucleic acid anab'sis. PCR and reverse tranficrip- 
tase (KT)-PC:r have permitted the analysis of 
minimal stitrtlng quantities of nucleic acid (as 
little as one cell equivalent). This has made ]>os- 
sihlc many experiinonis lhat could not have been 
performed with traditional methods. Although 
PCR has provided a j^owerful tool, it is imperative 



6X0(21 



that U be Uicd properly for qunntitution (U»«y- 
maekers 1995). Many early rej>ofts of quanliu- 
tivc PCK and Rl-PCR described quantitation of 
the PGR product but did not measure the Initial 
target sequence qusintily. Fl is essentia) to design 
]5roper controls for the quantitation of the initial 
targt't sequences (Hcrrc 1992; Oementl ct al. 

KeM^^itfchcrs have, developed several nietliods 
of quant)t;itive PCK and RT-PCR, One approach 
measures I'CR product quantity in the log phase 
of the reatilon hcfor*; the plateau (Kellogg et al. 
1990; l^anfi ct al. 1990). This method requires 
(hai each san^ple has equal input an»ounts of 
nuclei<- add and that each sample under analysis 
ampllfie-s wiiii ideiiliCiiJ efficiency up to the point 
of quuuiiliil'ivc analysis. A gcnc sequence (rnrw 
talned in iiU samplcn at relatively constant quan- 
tiiU'rA, such as p-aclln) on bo used fnr samjilft 
luirjilincation efficiency normaiizatinn. Usln^ 
conventional methods of PC:r dctertion and 
quantitation (gel electrophoresis or plate capttirc 
hybrldl7J3tion), it is exif^mcly lahorious to a^Lsaie 
that all samples are analyzed during the log phase 
of the reac-tlon (for bolh the target gene and the 
normalizatitni gene), AnoLher method, qtzantlta^ 
tive eompetltive (QC)"1=!C:h, has hccn developed 
and Is used widely for PC:R quantitation. C2C-PCR 
ntlics on the inclusion of an internal control 
compel llor in each reaction (Becker-Andre 1991; 
Platak t;t c»l. I993«,b). Thi:. c/ficlcncy of each re- 
action is nojTualliJcd to the Inlcrnol compel ilM. 
A hrnnwn ainounl of inlejT»aJ comjwrlitor c^n bo 
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addod \c* oach RHi!n;)o. To olilaiji relative* 
tallon, Ihti uiikiu>wn larRct I'CR pKKluri is a>iu> 
jiarcd with ihc known coinptftilor VC.U product. 
Success of 2t quatuilallvc coJiipciilivo PCU assay 
reli<*s oil ucvcloplng an Internal uxMiinjJ Hml am- 
l»lirii-s wilh ihc same effldency asilic iiu^^U aiol- 
cculc. J'jic design of till: coinpcti u>i «nd IIk* vnJI- 
cailon of amj)I1flcallon cffiuvJu-icN jcquirc n 
<lcdieatLd cffuxL Huwevci', because QC^-I*c;u d<H»» 
not require ihn\ PCiU jniKlticls be c*i-»iily>:ttd dMrin^ 
the \<j^ pha^c yf Uiv iimjjliricaiion, it )s tin: c^slor 
vf ihxr. i*vcj methods to u:ie. 

Scverjil dttteclUin Ky^iiciu^ ujv imtd for quan 
tltalive PCK «nd RT-PCIU aji^ilysjs; (1) ai;iiro.';o 
gvlx^ (2) /luur«<.vnt labcJiu); uf KiR pi oducls niid 
dclccilon vvith lii.M:T-in<liu:ctd duorcAccncc vialii^; 
capillary elrf.troplioTurtiR (Hmncu ct aJ. 1995," WIU 
llftins CT al. 1996) or acrylaiuldc gcLs, jukI (3) plate 
capture and sandwich pruLn: UylnkUyn\n>t\ (Mul- 
der el al. 1994). AltllOUjjh tllCSU' /JK't>UKlN jmivtrd 
successful, each inetliod ruqulrcs poit-PCR mu- 
ilipulatlonx That add tlint! lo ihc <inalyMs <iJid 
tJi«y lead ItJ ](ibuMi(i.My MnilrtiiiinaiiofK The 
sample Uiixjuj^hpul uf iJie^tr jnrtinnl^ Ln Ihnlicd 
(wlU) llH- rxccTpUon of Ihc plate capture flp- 
proiK'li), wild, thvri'.ft^Tv., these mclhi>d5 ore not 
well iuilr.U fm um:^ deniftndi'n^ high SAjnple 
throuRhpiit (Le., .scTc*erdiiK of hir^e luunberii of 

Uc> or clinical I tri,iKs), 

lUrrc w^* rc:i3<^rt th<: dc:vtdo|3njent of a novel 
it<i5&y for c^uaniltative T>NA analyrilA. The assay is 
hci.s^d 0!i Ihe usr of ih« 5* Ouclt»ia.se as^ay fii*5t 
described by Holli?nd et ah (1993). TJie njelliud 
ii.s<!3 ih<^ 5' titiclca^ic AiMivliy of l\u{ pulymcrttflc lo 
i:lcavc a noncxtcndlbic hyhridl/^uioii piohc dur- 
Inji; t>»r cTctcn.siun j>hti3e of 1*CU- Thi; npprunch 
nae^ dual-liibckul fluoroijenic hyhridi/.ut Jon 
probes (Lee. ct iO. 1993; J^u^islej- ct id, 1995; hiv«U 
H ill, 1^9^»i>,b). One flvj orescent <lyv ^erv^rj u 
reporter [FAM (i.e., 6-ci>rboxyfluorecieein)| find it ^ 
emission spcclffl is quenched by the second fluc*- 
r<iscent dye., TAMRA (he., Ci-carboxy-ietra methyl- 
rhodaminc). The nuclca.NC degradation of the hy- 
brldl/iitlon prnhe rt'luases tlic qucnchiug of Ihe 
I'AM fluDrL-sccnt cuus»kui> rcsullini; in an In- 
crease h» peak fluorescenl emission at S]W nin. 
The lists of <» sei:)ucncc detector (A13I Prism) allows 
mcasuTcmenT of niK)re,\t:i!iiT xpectm of all 96 weils 
uf the ihcrmai cycler continuously during tlic 
rC:K amplification. Thurcfure, the rcucliun> ujv 
ntonltoreU in ival tuuer Tllc ouipiit data is de- 
scribed and qinuniTativc uiuilysii^ uf inpui Ui>;ci 
I )NA 5icqucnccs 15 d)5»ctjssed >)claw. 



RESLIITS 



PCR Product Derccricn in Rw^l Time 

Hk' >;oal vvax lo develop a higli-throughput, son- 
Nitive, »n<l ncc'iiratc gene qiu-inlllatlon assay for 
use in monitoring lipid mediated thcifapCUTic 
gene <lelive.ry. A piaKiiikl encoding human factor 
VIU gCiie stK]oftnce, pl'STM (soc. Methods), wms 
asod as a mcHK^I i>u:rapciUic 'J'^^^' ^'^^jay usr<i 
fluorc^M-cni Taqxnan iTicthodolo4»y and an instru- 
ment c;*j3hUU: of measuring fluorescence in rc;il 
thMC (ABl Prism 7700 Sequence nrlrclnr). The 
T«U]ni;«i fiiacilon requires a hybridisation jirohr 
lalKled witii two different fluorcticcnt dyes. One 
dye li a rejXirtvr dy« (I'AM), the otUcr is :i quench- 
ing dye (TAMRA). When the pr<»ln: Is'i/dacl, fluo- 
iCiceni energy transfer occurs and the reporter 
dye fhK>re*c*.etit emission is absorbed by the 
qucnclilng dye (TAMRA). During Die e.xtonfilon 
phase of the 1»C:R cycle, th<t fliiorcscx'iit liybrid- 
\/Ji\Uhi probe K cleaved by the S'-.T nuclcolyiic 
activity of tbt: DMA polymerase. On dcavagc of 
the probe, tlie reporter dye emission is no hioftor 
(ran.ifcrrcd efficiently to tJje quenching; dye, le 
sultiPK hi uii hiertrase of the reporter dye fluorct- 
cent einiN-sloii **j>ectra, PCR primers and pruhuf* 
were de^^ijjin'd ft*i ihu human fnclof VIU se- 
quence and human p-actln gene (a.** dv.:scribed in 
Met hod a). Optimization reactions were per- 
formed KO choose the appropriate prol>e und 
magnesium concenuations yielding the iii>;hr^l 
lnt«n.Hi(y of reporter fluorescent signal without 
sacrificing specificity. The Instfumcinl uses a 
chaiKC'COupJcd device (i.c*. CCD camera) for 
mea.iurlng the fluore:iccnt emission apectm fron) 
FitX) if I CiSO nrn. l-ach VCM tube was Jlionilored 
sequentially for 2f> rn.sue wiih et>nlInuous monl- 
tojjng throughout the aiiiplifieutioii. liach l\<be 
wa.% rtt-c>camincd every (1.5 see. Computer soft- 
ware, wars ditsigned U> exniriij^c tJ^e fi\( orescent 1)1 • 
tensity of both the rej^ortpr dye (l-AM) and 
the quenching dye (TAMIIA). The Kuoresecnt 
intensity of t)K'. quenddng dy«, TAMUA, changes 
very Utile over the course of the PCI^ anipHfl- 
cation (data not shown). Thertifore, the Intensity 
of TAMlt\ dye omission server as an luicrnal 
.■<laiida.rd witll which to nuiruullyxi the reporter 
dye (I'AM) cmlfiAlon variatJons, lliC software cal- 
culttU's a vdlue termed AUn (or ARO) using the 
following equation: ARn - (Un^) (Rn")* where 
Kn-* . eudfJHluJi iulcjisily of reporter/emission in- 
tensity of quencher at any given time In a reae 
flon tube, and Rn -emission intcnsitity of Tc- 
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poncr/cmisRloi) Iniwn^ily i>f qucnt:her mcoMircd 
prior U) rCK iimplilicalioii in Ihar S3inc reaction 
tube. Vor tlie purpmc of quaiuUatton, tlic 1*jsi 
tiKC'c data puinis (ARns) coiicc-tuni iiuring the 
tc'.iisioil step for eadi rc:K cycU- were ann)y/.ecl. 
The nudeolyiic dej^radfltion of me J»yOiltlj/-xiio/n 
probe oixwta (luring ihe (!xictisjun phase or I'tai, 
and. thtirt'forc, reporicr fluorescent eiiiiaMun in- 
creases Ouring this time. 'Jiut tliicc Uaui polntf* 
were averaged for cacli i't:K cycle and ^he iiichu 
value fur each wis plotte,U in an "aaspMHcatioii 
plot" shown In J'i^urc 3 A- Tlie 6.Rn mean v«lue 1a 
ploueci on ihe j'naxis, ancJ time, rcprescnteO l;y 
cycle ntimbi*r, isploUo.cion the;c-axis. During tlit 
«arJy cycU^s ui' the VCR amplification; xhi* ARn 



value T<:»main)5 at bast; Jjno When .snrficienl liy- 
l)rklj/-an«n probe hriS hccn cleaved by llie Tmj 
polymerase lUiHciAftCi ftctlvity, tlic iiilciisify of ro- 
]xuti,-c fhiorctccAi emi5ii<o!i lnjL*rc-wt*vt>. PCli 
ainplifiv^iions reach i» plaleao phnH<' Of roportwr 
fJiJoreH-viii'l cnTiifiSion U the rentilitw) h carri^l nnl 
lo high cycle luunlwis. 'J'hc amj^lifirallon plot 1'^ 
exuniincLl tMiJy hi \hi^ feaclion, ut a point Uvii 
icj>rcscnts iht- log phm' of pimUnrl arruuuila* 
tion. This Js doiio by ws&igning an arljiljiuy 
ihrcshoJci thui is b«5cd on the variabilily of the 
ba.w-iinedMU- In figure 1A, Die lhrfi.^hold wassci 
ai 10 standard dL*viallc;nf; above the mean of 
hafic line eniis^itoM iialculated froTU tyulo 1 lo 1 '^• 
Ojice the threshold Is chosen, the point at whfrh 



1.A 

t 

1,4 



1 5^ 
^ 0.15 



nvaanuiLi 



10 



B 




20 -30 

Cycle 



40 



40 



36 



30 



25- 



20 



16 



Cycle 



.? -1 0 1 
log (ng Input genomic ONA) 



Figure 1 PCR prodoci detection in real tiirxi. W The iviodel 7700 bodware will consiruct amplification plot* 
from the extension phase fluorescent emission data collected during the PCR »mp i icaUon. The rtandai^ de- 
viation is determined from the data points collected from the base line of the amplif IcaUon ploL C-i vf lues are 
calculated by determining the poini at which the fluorescence exceeds a threshold llnml C"S"a"'yj5 1'^"®* '^^ 
und«rd deviation of the base Sine). (B) Overlay of amplification plots of scria jr 0 =f > JSJl"^^^^^^^^^ 
DNA samples amplified with p-actin primers. (Q Input DNA concentriJt.on of »»^^c_sa^^P|^ "wn^ 
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the amplificotion plot cTOWca Iho iluo;:hold"is 
ni:ied as C|, C, is rci>oTlctl an ihc cycle numbt»r m 
tlii« point. As will be ck»munstruU«l, ih« CI, .value 
l^ j)it;diuijve of ihc quantity of injn»t t^rjjt'.i- 

Values Provide a Quantf latJve Ntea^u^cmcnr. d^' 
Input Targer Sequences 

Plgti rc I B < iiows am pJ if kal i on ploi * of 5 i» • <1 iYf«s»- - 
enl PGR an^pIificaUons overlaid, 'n^c ompltfuiiV 
tions were porfonuod on a 1:2 serial cHliitloro ia^ 
human genomic IWA, 'J'hc amplified targcj wa*. 
human 3 actin, Tho amplification plotn Klsifl 1<> 
the right (to higher thrc-shold cycles) m the inj)ut 
target quantity i«i reduced. 'Jl'>ir is expected h«. 
rau»« riu4C.tW)n« with fc»ivoT j;tartin^ ('opi<iK of t)JO 
largci molecule require grc-aior aniplificatlon to 
degrade enough probe to attain llie rhreshold 
fluorescence. An arbitiaiy threshold of 10 strui- 
dard dcvJalJons above the base line was used to 
detennuje the Cy values. Figure K' rcprcswits ihc 
C^. values plotted vertius the iiaiiipJc dilutJoi: 
value. Each dilution was amplified in triplicate 
l'f:R ampMHcvjtions and plotted as mean values 
with error baxs representing one standard dcivia- 
tion. The Cr values tlccrecihc linearly with incrcas* 
ing target quantity, I'nus, c:, vaha:?i aui be used 
as a quantiuiTive measurement of ilie iripuf target 
number. Tt should be noted that the amplifica- 
tion plot for the 15. 6»nR sample shown hi Figure 
IB does not reflect the same fluorescent rate of 
Increase exhibited by most of the other samples. 
The 15,6-ng sample also achieves (»ndpoint pla- 
teau at a lower t'Juoresceni vaJuc lhau would he 
cxjx:ctcd tja.sed on the input UNA. i his pJieiioTti- 
cnon has been <>b;icrvcd occasionally wh 1 1 fJther 
samples (da<a not sliovs'n) and may be attribut- 
able to late cycle inhibitloji; this hypoliicsis is 
sUIl under irivcstigalion. It is important to note 
iliat tlie flattened .slope and early plateau doTi<it 
impact signfflct^MtJy the calculated C, vnlue as 
demonstrated by the fit on llie line shown in 
Fiiiiire 1 C. Ail triplicate amplifications resulted In 
very similar Or values— the standard dcvintion 
did not exceed 0,5 for any dilution, tills experi- 
ment contahis a > 1 00,000-fold range of input tar- 
get molecules. Using Cy values for C(unnlUation 
permits a much larger assay range than dlrecliy 
using total fluorescent emission inlensily for 
quantitation. The Hni'ar range ol lluoresccni in- 
tensity measuremenl of ilic AlH I'rism 7700 <;c- 
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ments over a very lar^e r;m{><' nf rf*l;<(ive ^t;4riliip, 
Utrgci quantities. 

Sample Preparation Validation 

Several parameters influence \Uv eflicl<'tiry nf 
PC:r umplification; magnesium and sail concen- 
irations, reaction conditiont; (i.e., tiTue htkI lenv 
peralure), PCK target si7.e and composition, 
primer sequences, and sample puriiy. Al) of tIic 
above factors are connnon to a shi^le rCR assay, 
except sample lo sample purity, in an effort to 
validate the method of sam]>le jireparation for 
the lacior VJil assay, P<JKamplitiC(»tion reprocJnr. 
n^ility and olflcicncy ol 10 replicate snmpie 
]>n»i>;iratiOTis were «!xa7ijined. Afier genomic DNA 
was ])repared frum the 10 refJlicaie samples, the 
DNA was quantUalcd by Liilraviolct spectroscopy. 
Amplillcalions were performed analyzing p-aciln 
XVJu: coTiterit in lOQ and ZS Jij; of total genomic 
UNA. Lach VCK ampilflcallon was perfomicd in 
Iripiicale. CxJinparison v( values for each tri]?. 
licate sample show minimal variation based on 
standard deviation and coefficient of varirin<:e 
(Table 1). I^herefore, each ol the triplicate VCM 
amj)lificatioriS was highly reproducible, dernon- 
Straiing that real time VCR using this insf fumcn- 
inllon introduces minimal varialicm Into the 
quantitative VCli analysis. c:niii])Hrtsou of tbe 
mean Cn volucs of the 10 replicate sample prepn- 
rations also showed minimal variability, indicat- 
ing that each sample preparation yielded similar 
results for ^-actin gene qonntity. 'J he highest Cy 
<iifference between any of the samples was 0.85 
and 0.71 for the ](K) and 25 ng saTnplos, respec- 
tively. Additionaily, the ainpllflcailon c;f each 
sanif^le. exhibited an equivalent rate of fJuorc.s> 
cent emission intensity change pcj amount of 
DNA largci analyzed as indicaieci by similar 
slojies derived from Ihc sample dilutions (Pig. 2). 
Any sample containing an excess of ^ rC)< inhibi- 
tor would exhibit a greater measured p-aciln c;^ 
value for a given quaniliy of DNA. In addition, 
Ihc inhibitor would be diluted along wiih (he 
.sample an the dilution analysis (hig, '^), altering 
the expected C,- value change. F.ac:h .sample nm- 
pjlficatjon yielded a similar result in the analysis, 
demons (rati tig liiat tins mettiod of .sample prepn- 
ration is highly reproducible with regard lo 
sample purity. 

OuaiTticadve Analvsis of 2^ Pl;ismtd After 
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Toblo 1. Roprodu^lMllty of S«mpl« PrfiparAtlon Method 



5 
6 
7 
B 
9 
10 

Mean 



100 ng 



Sampio 

no. Ct 



standard 
m^iin deviation 



CV 



18.24 
18.23 

18.33 

18.35 

18,44 

18.3 

18.3 

18.42 

18,15 

18.23 

18-32 

18.4 

18.38 

18.46 

18.54 

18.67 

19 

18.2B 

18.36 

18-52 

18.45 

18.7 

18.73 

18.18 

18.34 

18.36 

18.42 

18.57 

18.66 

V 10) 



1«,27 
18.*^7 



0.0^ 



0.06 



18.34 0.07 



18.23 0.08 



18.^2 0.0-1 



18.7^ 0.21 



18.39 0.12 



18.63 0.16 



18.29 0.1 



18.55 
18.^2 



0.12 
0.17 



0.32 

0.3;^ 

0.36 
0.46 
0.23 
1.26 
0,66 
0,83 

0.65 
0,90 



20.48 

20.55 

20.5 

20.61 

20.59 

20.41 

20.54 

20.6 

20,49 

20.48 

20,44 

20.38 

20.68 

20.87 

20,63 

21.09 

21.04 

21.04 

20.67 

20,73 

20.65 

20.98 

20.84 

20.75 

20,46 

20.54 

20.4B 

20.79 

20.78 

20.62 



25 ng 



standard 
mean deviation CV 



20.51 0.03 0.17 

POM 0.11 0.54 

20.54 0.06 0,26 

20.43 0.05 0.26 

20.73 0.13 0.61 

21.06 0.03 0.15 

20.68 0.04 0.2 

20.86 0.12 0.57 

20,51 0.07 0..'52 

20-73 0,1 0.>I6 

20.66 0.19 0.94 



(or cojityiniae a parlinl cDNA for hum^ii factor 
VIH, pl'8TM. A Jicrics o/ trf»i^:(fcclions wu.h sot 
up using a ilccrcaslng aiDOuni of the plasmid^^O, 
A, U,3, and O.l jxg). 'I^wtrniy-rour liaors posi- 
trflM.nfet'lion, loial DNA w«t» purified <nu\\ each 
flaxk of trlls. p-Avliii ^ruc.ijuaiiUty wa^ cht^x-ii <l^ 
« vnluc rof nofmfin>'.^tuMi of ;;t.-nui»iii*. DNA con- 
ccjitraUcui frouitttdi Sttiiipk*. In this cxptriiniciit, 
|i-actin Rcnc coiucm .should remain consiani 
rdailve to renal xvnoinic DNA. Fl^un- :i show^i iJjc 
result of (he p-actiu UNA incasurement (100 ng 
total DNA dclcrmined hy ultraviolet spetrtros- 
C0j5y) ot each Kach SAmpli? was analysed 

in triplicate; and the mean |i-actin Ciy values of 
the triplicates wcrt;. ])lotted (error bars represent 



CoOl 



betxviivn any iwf> samjtlct moans was O.US C,. i'en 
nanograms af total DNA uf ^i)c)) sample wcjc also 
rxamlitctd for {.l-actln. Ilic result it a^ivn .Nliuwed 
that very siiiiiUr amounts of genomic i>NA were 
present; the maxlmunj mean |i aain value 
difference wa.s 1 .0. As Figure 3 shows, tlic rale of 
p-actin C|. eliufiKe iKawecn the 100 and lO-ng 
sajnplc.-* was similar (slojM? vaJiie;; ningif batwoen 
3,56 iJiiU --3.45). Thix vcrilies again that ihtr 
Jliethod of sample preparation yields samijlos of 
identical PCR integrity (i.e., no sample cont-^inod 
an exccsiiive auiounl of a PCR Inhibitor). TTow- 
t!vcri thC-se resultu indkat« that eaell sample con 
talned slight diffeiences in the actual amount of 
genumic ONA anaJy/xtd. Determination of actvial 
ttcnujiiic ONA wonecntralion was accomplished 
90WM 20S6 OQl 8^6 XVd 00:ST 



From : BML 



PHONE No, : 3ia 472 0905 



Dec. 05 2002 12:24Rn P16 



m Al f IMI- OUANTITATIVH \\M 





21 .6 












scu- 


> 






19.5- 


ST*. 






10 








16 



- r ' 

• m 9 

■ » a 

• «• 4 

■ ♦ 3 
0 6 
U--T 
A B 

V e 
A in 



1^ 



%4 




1,6 KO t.7 1JI 1^ 

log (ng Input genomic DMA) 



Figure 2 SdMiple prtipAraiion pun'ly. 1 he reptic^to 
j:amples sl^own in Tablo 7 woro nbio an^plified In 
triptcate using 2S ng of each DNA (ample. The fig- 
uie si'iowi line input DNA conccntrnlion (TOO artd 
25 ng) vs. C, In ih*» <iQiir<». ihp 100 ;ind 75 ng 
poifU.S for pach &arnple are conncctod by a line. 



l»y j^lolUng the mean (i-uctin Oj value obtained 
fOT t«at!h 100-ilg sttitiplvj VIII .1 p-aclln siandiinl 
1.1*1 ve (shown In J'Sh- 4C>. The <jc*ii«il genomic 
1>NA conct'iilr;iU<»» <>/ each swinpU*., tr, wns ob 
tallied l>y extrapolnllon U> thw jti UKii. 

normaUPi^d) t|\miiUlkt.s /actor VI)) plnfiinUi 
ONA (preTM) fioiu cnch of tin-, four transient cclJ 
lriiii,sfefcUf>nA, Each reaction contained JOO ng of 
total siimplc UNA (tts dcteriiiinod l>y UV spcctrut;' 
tojiy). l^ch sample wijs uualyzed in triplicate 



1>C:U ;anplificatiun!(. As shown, pI'BTM ptirificd 
.fiuic Jhe 20:* colls docreaswi (mean values in- 
C'unusi^j with decreasing amovnits nf plasnild 
aruu^liVlCd- Th« mean values obtained for 
pRJTW in TigufC 4A wore plotted on a sUu>d'jrd 
LUfvc oc»mprl.H<jd uf svilijlly diluted pKHlM, 
shoivn .In .Plgurr 4B, The quanlily uJ pl-XI'M, 
found in each <jf tiie four trnnKfoctionR was de 
tcrmined by extrnpoiation to the x axlt; uf tho 
jiiandard corve In riyure 4U, 'llutsc uiK^orrectcd 
M values, for pl^WM were JK>rM)Ji)IyAt<l to del er- 

mine tlic ac1u;<l amount of fti\ind per 100 

nj; of «c:noinic DNA by using the equation:. 

If X 10 0 Mg wclnal pf-B'I'M copies per 
" ^ 100 ng o( genomic DNA 

where a - actual ticiioniit WA in a .sample and 
h V. prH'fM copies from the standtird curve. *n>e 
normal incd <^uantjty of pI'BTM per 100 ng of ge- 
nomic DNA for each of the four irrtnsfecilon.s \s 
shown ill Hgu re 4 J J . ' H i e^^e ret u U s .^h ow ill fl i the 
Cjtiannty of factor Vlll plasixUO a^isoOated wiili 
the ceilN, 21 lir after iruiusfeetitm, det ieasv;:, 
with OcuTcasiuj; pltiMuiil ujiji.eiuiailou used in 
Uie iraii:ifctnion, Tlie quantity of pi B'i'M a:^30cJ- 
iitca wJth 295 ct!lb, after irunsfcaion with 40 
of pli'jsmid, was 35 pg pt^r lUO ng i;vnuirilc DNA* 
Tills results In -520 plastinid copies per eeJl. 



2& 



21 



20 



* • 0.5 MO I 
A 0.1 MO I 



0.8 



I 1^ 1.4 1^ 1.B 
log (n9 hput ONA) 

Figure 3 Analybli of lidnsfectcd cell DNA quantity 
and purity. I he DNA preparations* of the four 293 
cell transfeciions (40, A, O.S, and 0.1 jjkj of pF8TM) 
were analyzed for the 3-actln gene. 1 00 and 1 0 ng 
(delcrmined by ulcraviolel spectroscopy) of each 
sample were amplified in triplicate. For each 
amount of pF8TM that was transfected, the fi-actin 
Cj values are plotted verstJS the total Input DNA 



t>ISCUSSION 

Wo have described a new ntethod for quantilnt- 
iiift gene copy numbers usinR r^Al'tli^^c analysis 
of PCK ampllficatltms. Real-time HCK i.*; compat- 
ible with cJthto- of the two KIR (KT-PCR) ap- 
proaehe>: (1) quantitative comixitiilvt: where An 
InteiJiid wini'ictlior for each target sequefiee iy 
used for noiniahxQtlon (data not shown) or (2) 
quaniitaiivc comparative PCH ixaln^ a uuuurtliijci- 
tlo?i ^ene contained within the sample (i»e», |3-ac- 
tin) or a '^housekeeping" gcnp for RT-PCK. Ff 
equal amounts of nucidc add are antilyml for 
eucn sample and if the ampllflcaaun ef/iur.ru.y 
before quantitative analysis i> idcniical for each 
sample, the lineriiai eunlrol (nujm<ilir4i11on ^ene 
or competittsr) should give equul ^Knals for nl) 
samples. 

The rcaJ-lime PCU method <;ffcrs several ad- 
vantages over the other two methods currently 
employed (t»ce the introducljon). First, the real- 
time PCR method is performed in a do.scd-tube 
systcMn and requires no post-PC^R n<anij>ulallon 

HOKH 20S8 091 61^8 YVJ 00:ST 2002/SO/6T 
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Flgiirft 4 QM^ntltativo ftnolyKiic of pFSTM in Irafufcctod ccfb. (A) Amount of 
plasmid DNA uicd for (In; trunsfectlon plotted against Uit; moun C, value deter- 
mined for pfSTM rcmalnin;} hr after (rgruloctlon. (D,C) Standard ojrvr^ of 
pf^fiTM and P-aciln, respcctivcfy. pfBTM ONA {0) flJlcJ genomic. ONA (Q were 
dilutftd RdfhWy 1 ;S boforft ;impliflc."il!cn with the opproprinlc primeri. The p-aclin 
stAndurd curvo wav usod to normali^'c Ihc results of /I lo TOO fuj of genomic DNA, 
(D) The amount of pFSTM present pt:r 100 ng of genomic DNA. 



of snmpKv Therefore;, Hi** poii,»»it)«] for TCR c<*Ji- 
Inmlnolioji in ihc lahor/itory is reduced bccauNC 
nmpliflod proctuc'iK can Iw 3ijaly/.ed 3Jid dispoffcd 
of withont opening ihi' ruacnion tubeji. Second, 
(his method suppoiU u.sv <*f a iuiriii«ilix.(ilion 
«onc (i-c, p-nctin) j'or ^tianiitflifve. PGR or house- 
keeping gene"; for cj^a^nMtntivc RT-l'Ck controls. 
Analysis is performed it) rcaJ time during the Jog 
phase of product accumulation. Analysis cUirinj; 
ki}^ phusv pcnnits many different genes ^over ii 
wide input tar^rt range) to be analy;'rd simulia- 
ncuufjJy, without concern of reaching rcntiion 
plateau at different cycles, will make nmlll- 
^cne. atiolysis assays much ca^Mvi Ucvelnp, bc- 
cmiac individual mtcaifiil u»mpctlloi> will ni»l be 
needed for each gene vnidcr analysis. T3iird, 
sample thfouglipwt vvUi ijn.jca>cr OiainalUdJly 
with tlic new method because there is no poM- 
VCM proccrislng time. Addilic^nally. wviiking \n a 
^^6-wt'l) format Sn highly conijjatible with auto- 
million technology, 

T/ie rcal-llnie 1>CR ujcthocj highly reprr*. 
dutibk. RcpMcatc amplifications can be aiialyiied 



for c:«a<-li wimple nilnimlksing j>otcnilea error. The. 
.systitiri allows* lor a very large assay dynajnle 
range (approaohiog 1, 000,000 -fohl starting tin- 
gel). Ueting ti .standard curve for th« target oJ in- 
terest/ rcJMTivc copy number values can be clcicr- 
nijned for «ny uaknuwji .>a7iiplc, Hiuuriijiceni 
threshold values, C^p coneJair. linearly with rela- 
tive DNA copy nujnber.s. Real time quanUtftUvt 
K'J'" rCJK methodology (C.ilbson et al.; diis l.wuft) 
ha5 aho bcc;n developed, J^inally, real time qu<in- 
tifative J'CU methodology can be u.soil develop 
liigh-tliroughpiit ^clccnlJlg aft.nay.s f<?r ji variety of 
oppJicatlons fquantJlnllvc gene CApjeaMOii (KT- 
rOR)j j^tinc copy na,-*ay» (McrS, IIIV, etc.)/ gcni> 
typing (k?u)cHtnit mouse, analysis)/ and Immuno- 

rcuj. 

Rr.al-time PC-U may also he performer! using 
intercaJaiing dyes (Higuchi ct al. }W2} such as 
ctJtidium bromide. The fluorogenic probe, 
method offers a major advantage over Inter- 
calating dyes- -greater specificity (i.e., primer 
dtmvrs and nonspcr-Jflc PCft product.s are not de- 
trned). 
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METHODS 

Generation ur <f flasmfd Containing a Purtial 
cDNA for Human Factor VIll 

rwM HNA wa> hnrvr^tctl (UNAJ'oI I* <«m» T<'\ rc«i, Inc., 
J-r)C"«l5WOod, TX) fpi>iu ii-»i»5fc<tc*tl wtn\ fl foclor VIll 
e-KjircjisiuH vtftrlor, pC:iS2.lk?.5l J (Kaion v\ iil. 1^86; C3oi» 
mnn cl aK 19<)0>. A factor VIII partial cDNA wornirmv wns 
Kc ru'TMcd by in* KCoiicAmp la t'l'lh ItNA t»ni 
(part N«(>K-(nyy, Applut) UH>sysicms I-omvi r.Ky, <'J\)\ 

usliift liK' l'c:u pi'itiiurs VHioT Mill! I-flrtv (prinii-r M»q\imrfS 
arc abown below). TJii* ainpHcon was /eamplifii-tl aMnR 
nuHlHiccI I'Vlfor ai^d mcv piimcfs (apix'iuicsl wuh ^<m///J11 
and H/iallJJ rcslrlcllon site st-qucnccs hi tliv ciwl| iiiul 
clonal tfjio jH^KM. 32 (rroni<*iiii c:c>i*p., Muilwoii, WO-Tlie 
result I n^;ci«n^, pPSI^M, was u.vtl lorlrhnsicn* tfansfcciloii 



Amplificailon of Target DNA ami Dulccibn gf 
Amplicpn Factor VUI Masmid DNA 

CphfiTM) was HinpllfU:^! with lliv piinKiA l-Wi^r 5'-CX;<:- 

(rr(K;(;AACiAu:itjAi;uK"n*C'3' and i-sk-v 5'-aaa<:<;t- 

i:ACC;CrrGGAJXi(ri*A<'JCi-.'l'.'I1ie rvttvlhui piuOiivrvl *i 
rjj* ia*:K proOuci. 'J'Ju* forwiirtl priinc*r wa> dv^lxncO k\* 
« uiikitK' M'i|iivmf fimiid lu the 5' unlraiultM^ 
re};tUTi or Uut pmiriii ;iC1^2.tKZ3l> pld^ttlUI ntiil iluucfo/c 
ck>v» nut fv;»iH'^^^*^' tunpUfy llw liumou fitctnr VIII 
gc'TK'r I'fiinorfi woro chojiuti with iho av!iti5t;t"rf'V>r iIm* 
puicr proKt'iim (Ntiitmuil Uii>,vcionccs, ItuN* lUy< 

TnotJt>i, MN). The luunan p-actt« wjis ftnipllflcd wUh 
llic prhiivo f>-tH tiii ftji wftfil pfhncr ' TCACOCA<!A<ri*(n' 
GCCCA'J'r;i'AC:c";A-3' and ^i-ucltu icvt-rsc p»itT>ci' .S'^CAC;. 

C0GAACCX:fri'(:Aric;<:(:AA'j'GG-3'. The reaction pro- 
Oueco a XvS'hp i'C:k product. 

Ampllflcaiton rcciciions (SO jxJ) c'oiii;iiniHl « DNA 
sample. K)x rcu Uuff^-.r M (S ^\), 200 jtM UATI'; dCrr, 
ttCTP, .m<i 'lOO iiM cllJ'n>, A inM MjjCI;,^ Units AnipJI 
TiH) r;NA poiymciasc, 0.5 unit AiiipKroKc uracil N-fiiy* 
t«»Mylu)»^' <UKC), 50 pinolv of cAch fftcloi VIII i<r]iitci/ und IS 
ptiioli* of iiudi p dtc.tln pilinoif, '}1)(f t^aclloiiit^ nUu itfjulalncd 
On<? of the* foMowlnj^ ^it'♦^'(•tl«ll probrx (KM) iim nirh); 

GCCTT<TAMRA)p 3' and p-atiiii proU* 5' (rAM)ATaf.x:c:- 
Xa'AMJO\)C:CCCr:ATGc:CATGp-.^' wl.cro p indlcalcs 
pliosphorylftUrtn nnd X indtfotcsa linker arm nudcvtide. 
RcocUoii tuU'> wrrt- Mit:njAn\p C'>p(ic^al Tut>CS (pai'l AUrtl- 
lu-rNkOI OOXi, 1*crldn Ulniur) thai wuro J'ru{;lO(f (Ml IVr^ln 
nimcr) tu pr^-vriil li^Ul from /cfJccUn^;. Tube copi were 
slmiJM' tn Mic-roAi^ip Cnjvi hul »pcciAl]y dciiAiicd IC prc- 
Yvnt 11^1 It »ciittcrMt2(. All ol tti<< \K'M Oini/iwi»al>li'» wen; »Vi>^ 
plUivI I>y PK Applied lyofiystt-nn CMy, CA) except 

Ihp factor VIU pritiierii, wliit')» wnr jiynilic^l/cd at CcJivn 
lech, Inc. (bout)) Joti Francisco, CA). PioIh-n wi-rt* ilosJ^ni-cl 
using the OIj^^o 4.0 software, folIuwlnK giit<lclfiiob; wik- 
j^csieci Jn inc Model 7700 .sequcticc l>cti'<'li>r lii.niiuiK'/i{ 
manual, hrlcny, prxjtjv i)iiiijlit he a1 icasl S^'C h\^tUrr 
man rlU' arviivullnx UriiipvMUirc: u.ied durlnj; thcrrtitil cy- 
rlitig; primers sItoMid nt>t f*^)**! M«ihlv duplexed wit li Uu* 

The ihcTinnl t-yrling cuiiditkiivs Included 2 Jtiln at 
50"G and 10 niiii at 95"C. Hicj-tnal cycUnjg procrr<3fd with 
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nactioiiK woro |>erfoniied in tho Modol 77{)0,Sc*Ci»cnct* IV- 
tct*t<7r (PU ApplU'd UlU2:yi:l(.'jiii.>, wlilrh ciHUahii a Ccnr- 
Anit> l*< il^ SyMvm POOO* Uc!a«:nc>n ctnidMiOn^ wrrr piri^ 
[^ruuintctl »J" .t l'i»wor Macinto-h VI 00 (Appic f.lompiHPr, 

Sant;* Claru, c:a) linked dnv<-dy to the Model VVOrt Si'. 
()uciK\* l>«lfrcior. AtiMly«lft *»f dau wnv nUo porf/irmod (in 
the Wxi'lntfi,sh compviicr. f 'oil net Ion and wiinlyKlt; tnfiw:<ro 
wi\% dcvckiiwl Mt \*\\ Applied Bio<yiiiwiiks. 

Traiufection of Cells with Factor VIII GMiilruci 

Pfiur r}7S flaskfc of 293 a»Hs (ATC^G CMt 1S73). ?» human 
fctol kidney susipen/tion cell line, wvrc uniwn lo 80*M>,c<)n- 
Muoricy Aftd tranifctlvd pl-ffl'M. Colli wero grown in tlu' 
following mcdlfi! SC)% HAM'V HI 2 withoiuGHT, ,10% lt>»M 
glucose JAiJlKtXNi's fiindlfirri I':a>jlc iTJcdium (UMI-.M) witli- 
otrt glynnt! with sodium bicarbtinatc, 10% letal tHwinc 
smmi, 2 niM i.-j^luldininc, Hr\(\ 1% pcnicilliii-strcptomy^ 
^In, 'I'hc medio wos vlianfjcd 30 mln M^m- ili<» Iransfoc 
lion, pl-urM DNA amounta of 40, 4, OS, nnd 0.1 p-j; wvio 
oUdcd in ml of a suhUlun ci^niaii^lnR 0.125 m CaxCI^ 
and 1 X llW'liS. The four mixtnrt-i wirrc left at room tem- 

I.HT.nHurf fcif in min and Ihcti iiddvd di-MpwIftc U> ihi: cclli'. 
Tiie nfl^K* w-vii-.iiiuubulcd al 37"C And < :(\ for 24 hf, 
waj(hed with PUS, and roAu5prndcd In PUS. TIU' fchiih 
jn*ndit\'l <ciU Yvcrc divided intv ttlitpjoU and DNA wftd of- 
trwctcd lunncdiulciy vuinK Ihv QIAudt)* tiliHtd Ki( (QUpc^n, 
<ajot?m>rth, CA>, ON A wos <;!ul<d liaio 200 fiwl ol 30 n.U 
'IVb-IICI ttlpll ».0, 
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methods. Peptides AENK or AEQK w^re dissolved in water, made isotonic with 
NaCl and diluted into RPMl growth medium. T-cell -proliferation assays were 
done essentially as described"-^'. Briefly, after antigen pulsing (30jjigmr' 
TTCF) with tetrapeptides (l-2mgml"'), PBMCs or EBV-B cells were 
washed in PBS and fixed for 45 s in 0.05% glutaraldehyde. Glycine was added 
to a final concentration of O.IM and the cells were washed five times in RPMl 
1640 medium containing 1% PCS before co-culture with T-ceD clones in 
round-bottom 96-weli microtitre plates. After 48 h, the cultures were pulsed 
with 1 M-Ci of -thymidine and harvested for scintiUation counting 16 h later 
Predigestion of native TTCF was done by incubating 200 TTCF with 0.25 fig 
: pig kidney legumain in 5O0 ^,1 50 mM citrate buffer, pH 5.5, for 1 h at 37 °C. 
Glycopeptide digestions. The peptides HIDhTEEDl, HIDN(N-giucosamine) 
EEDI and HIDNESDI, which are based on the TTCF sequence, and 
QQQHLFGSNVTDCSGNFCLFR(KKK), which is based on human transferrin, 
were obtained by custom synthesis. The three C- terminal lysine residues were 
added to the natural sequence to aid solubility. The transferrin glycopeptide 
QQQHLFGShATTDCSGNFCLFR was prepared by tryptic (Promega) digestion 
of * 5 mg reduced, carboxy- methylated human transferrin followed by 
concanavalin A chromatography' <jlycopcptides corresponding to residues 
622-642 and 421-452 were isolated by reverse-phase HPLC and identified by 
mass spectrometry and N- terminal sequencing. The lyophilized transferrin- 
derived peptides were redissolved in 50 mM sodium acetate, pH 5.5, 10 mM 
dithiothreitol, 20% methanol. Digestions were performed for 3 h at 30 "C with 
5-50 mUmP' pig kidney legumain or B-cell AEP. Products were analysed by 
HPLC or MALDI-TOF mass spectrometry using a matrix of lOmgml"' a- 
cyanocinnamic acid in 50% acetonitrile/O.1% TFA and a PerSeptive Biosystems 
Elite STR mass spectrometer set to linear or reflector mode. Internal standar- 
dization was obtained with a matrix ion of 568.13 mass units. 
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Fas ligand (FasL) is produced by activated T cells and natural 
killer cells and it induces apoptosis (programmed cell death) in 
target cells through the death receptor Fas/Apol/CD95 (ref, 1). 
One important role of FasL and Fas is to mediate immune- 
cytotoxic killing of cells that are potentially harmful to the 
organism, such as virus-infected or tumour cells^ Here we 
report the discovery of a soluble decoy receptor, termed decoy 
receptor 3 (DcR3), that binds to FasL and inhibits FasL-induced 
apoptosis. The DcR3 gene was amplified in about half of 35 
primary lung and colon tumours studied, and DcR3 messenger 
RNA was expressed in malignant tissue. Thus, certain tumours 
may escape FasL-dependent immune-cytotoxic attack by expres- 
sing a decoy receptor that blocks FasL, 

By searching expressed sequence tag (EST) databases, we identi- 
fied a set of related ESTs that showed homology to the tumour 
necrosis factor (TNF) receptor (TNFR) gene superfamily^. Using 
the overlapping sequence, we isolated a previously unknown full- 
length complementary DNA from human fetal lung. We named the 
protein encoded by this cDNA decoy receptor 3 (DcR3). The cDNA 
encodes a 300-amino-acid polypeptide that resembles members of 
the TNFR family (Fig. la): the amino terminus contains a leader 
sequence, which is followed by four tandem cysteine-rich domains 
(CRDs). Like one other TNFR homologue, osteoprotegerin (OPG)\ 
DcR3 lacks an apparent transmembrane sequence, which indicates 
that it may be a secreted, rather than a membrane-asscociated, 
molecule. We expressed a recombinant, histidine- tagged form of 
DcR3 in mammalian cells; DcR3 was secreted into the ceil culture 
medium, and migrated on polyacrylamide gels as a protein of 
relative molecular mass 35,000 (data not shown). DcR3 shares 
sequence identity in particular with OPG (31%) and TNFR2 
(29%), and has relatively less homology with Fas (17%). All of 
the cysteines in the four CRDs of DcR3 and OPG are conserved; 
however, the carboxy- terminal portion of DcR3 is 101 residues 
shorter. 

We analysed expression of DcR3 mRNA in human tissues by 
northern blotting (Fig. lb). We detected a predominant I.2-kilobase 
transcript in fetal lung, brain, and liver, and in adult spleen, colon 
and lung. In addition, we observed relatively high DcR3 mRNA 
expression in the human colon carcinoma ceil line SW480. 

To investigate potential ligand interactions of DcR3, we generated 
a recombinant, Fc-tagged DcR3 protein. We tested binding of 
DcR3-Fc to human 293 cells transfected with individual TNF- 
family ligands, which are expressed as type 2 transmembrane 
proteins (these transmembrane proteins have their N termini in 
the cytosol). DcR3-Fc showed a significant increase in binding to 
cells transfected with FasL" (Fig. 2a), but not to cells transfected with 
TNF^ Apo2L/TRAIL'•^ Apo3L/TWEAK«^ or OPGL/TRANCE/ 
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RANKL"*"'^ (data not shown). DcR3-Fc immunoprecipitated shed 
FasL from FasL-transfected 293 cells (Fig. 2b) and purified soluble 
FasL (Fig. 2c), as did the Fc-tagged ectodomain of Fas but not 
TNFRl. Gel- filtration chromatography showed that DcR3-Fc and 
soluble FasL formed a stable complex (Fig. 2d). Equilibrium 
analysis indicated that DcR3-Fc and Fas-Fc bound to soluble 
FasL with a comparable affinity {K^ = 0.8 ± 0.2 and 
l.l±0.1nM, respectively; Fig. 2e), and that DcR3-Fc could 
block nearly all of the binding of soluble FasL to Fas-Fc (Fig. 2e, 
inset). Thus» DcR3 competes with Fas for binding to FasL. 

To determine whether binding of DcR3 inhibits FasL activity, we 
tested the effect of DcR3-Fc on apoptosis induction by soluble 
FasL in Jurkat T leukaemia cells, which express Fas (Fig. 3a). DcR3- 
Fc and Fas-Fc blocked soluble- FasL-induced apoptosis in a 
similar dose-dependent manner, with half-maximal inhibition at 
--0.1 M-gmf'. Time-course analysis showed that the inhibition did 
not merely delay cell death, but rather persisted for at least 24 hours 
(Fig. 3b). We also tested the effect of DcR3-Fc on activation- 
induced cell death (AlCD) of mature T lymphocytes, a FasL- 
dependent process'. Consistent with previous results'\ activation 
of interieukin-2-stimulated CD4-positive T cells with anti-CD3 
antibody increased the level of apoptosis twofold, and Fas-Fc 
blocked this effect substantially (Fig. 3c); DcR3-Fc blocked the 
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induction of apoptosis to a similar extent. Thus, DcR3 binding 
blocks apoptosis inducrion by FasL. 

FasL-induced apoptosis is important in elimination of virus- 
infected cells and cancer cells by natural killer cells and cytotoxic T 
lymphocytes; an alternative mechanism involves perforin and 
granzymes'''^""*. Peripheral blood natural killer cells triggered 
marked cell death in Jurkat T leukaemia cells (Fig. 3d); DcR3-Fc 
and Fas-Fc each reduced killing of target cells from ^65% to 
-30%, with half-maximal inhibition at —1 M-gmf'; the residual 
killing was probably mediated by the perforin/granzyme pathway. 
Thus, DcR3 binding blocks FasL-dependent natural killer cell 
activity. Higher DcR3-Fc and Fas-Fc concentrations were required 
to block natural killer cell activity compared with those required to 
block soluble FasL activity, which is consistent with the greater 
potency of membrane-associated FasL compared with soluble 
FasL'\ 

Given the role of immune -cytotoxic cells in elimination of 
tumour cells and the fact that DcR3 can act as an inhibitor of 
FasL, we proposed that DcR3 expression might contribute to the 
ability of some tumours to escape immune-cytotoxic attack. As 
genomic amplification frequently contributes to tumorigenesis, we 
investigated whether the DcR3 gene is amplified in cancer. We 
analysed DcR3 gene-copy number by quantitative polymerase chain 
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Figure 1 Primary structure and expression of human DcR3. a, Alignment of the 
amino-acid sequences of DcR3 and of osteoprotegerin (OPG); the C-terminal 101 
residues of OPG are not shown. The putative signal cleavage site (arrow), the 
cysteine-rich domains (CRD 1 -4), and the A/-linked glycosylation site (asterislc) are 
shown, b. Expression of DcR3 mRNA. Northern hybridization analysis was done 
using the DcR3 cDNA as a probe and blots of poMA)* RNA (Clontech) from 
human fetal and adult tissues or cancer eel! lines. PBL, peripheral blood 
lymphocyte. 



Figure 2 Interaction of DcR3 with FasL. a, 293 cells were transfected with pRK5 
vector (top) or with pRK5 encoding full-length FasL (bottom), incubated with 
DcR3-Fc (solid line, shaded area), TNFRl -Fc (dotted line) or buffer control 
(dashed line) (the dashed and dotted lines overlap), and analysed for binding by 
FACS. Statistical analysis showed a significant difference (P < 0.001 ) between the 
binding of DcR3-Fc to cells transfected with FasL or pRK5. PE, phycoerythrln- 
labelled cells, b, 293 cells were transfected as in a and metabolically labelled, and 
cell supernatants wereimmunoprecipitated with Fc-tagged TNFRl. DcR3 or Fas. 
c. Purified soluble FasL (sFasL) was imrhunoprecipitated with TNFRl -Fc. DcR3- 
Fc or Fas-Fc and visualized by immunoblot with antl-pasL antibody. sFasL was 
loaded directly for comparison in the right-hand lane, d, Flag-tagged sFasL was 
incubated with DcR3-Fc or with buffer and resolved by gel filtration; column 
fractions were analysed in an assay that detects complexes containing DcR3-Fc 
and sFasL-Flag. e, Equilibrium binding of DcR3-Fc or Fas-Fc to sFasL-Flag. 
Inset, competition of DcR3-Fc with Fas-Fc for binding to sFasL-Flag, 
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reaction (PGR)'* in genomic DNA from 35 primary lung and colon 
tumours, relative to pooled genomic DNA from peripheral blood 
leukocytes (PBLs) of 10 healthy donors. Eight of 18 lung tumours 
and 9 of 17 colon tumours showed DcR3 gene amplification, 
ranging from 2- to 18-fold (Fig. 4a, b). To confirm this result, we 
analysed the colon tumour DNAs with three more, independent sets 
of DcR3 -based PGR primers and probes; we observed nearly the 
same ampUfication (data not shown). 

We then analysed DcR3 mRNA expression in primary tumour 
tissue sections by in situ hybridization. We detected DcR3 expres- 
sion in 6 out of 15 lung tumours, 2 out of 2 colon tumours, 2 out of 5 
breast tumours, and 1 out of 1 gastric tumour (data not shown). A 
section through a squamous-ceU carcinoma of the lung is shown in 
Fig. 4c. DcR3 mRNA was localized to infiltrating malignant epithe- 
Uum, but was essentially absent from adjacent stroma, indicating 
tumour-specific expression. Although the individual tumour speci- 
mens that we analysed for mRNA expression and gene amplification 
were different, the in situ hybridization results are consistent with 
the finding that the DcR3 gene is amplified frequently in tumours. 
SW480 colon carcinoma cells, which showed abundant DcR3 
mRNA expression (Fig. lb), also had marked DcR3 gene amplifica- 
tion, as shown by quantitative PGR (fourfold) and by Southern blot 
hybridization (fivefold) (data not shown). 

If DcR3 amplification in cancer is functionally relevant, then 
DcR3 should be amplified more than neighbouring genomic 
regions that are not important for tumour survival. To test this. 
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Figure 3 Inhibition of Fast activity by DcR3. a, Human Jurkat T leukaemia cells 
were incubated with Flag-tagged soluble FasL (sFasU 5 ng ml*') oligomerized 
with anti-Flag antibody {0.1 M-gmP') in the presence of the proposed inhibitors 
DcR3-Fc. Fas-Fc or human tgGi arid assayed for apoptosis (mean ± s.e.m. of 
triplicates), b, Jurkat cells were incubated with sFasL-Fiag plus anti-Flag antibody 
as in a, in presence of 1 ^.g ml"' DcR3-Fc (filled circles), Fas-Fc (open circles) or 
human IgGi (triangles), and apoptosis was determined at the indicated time 
points, c. Peripheral blood T cells were stimulated with PHA and interleukin-2, 
followed by control (white bars) or anti-CD3 antibody (filled bars), together with 
phosphate-buffered saline (PBS), human IgGi, Fas-Fc. or DcR3-Fc (lOM-gml''). 
After 16 h, apoptosis of CD4* cells was determined (mean ± s.e.m. of results from 
five donors), d. Peripheral blood natural killer cells were incubated with ^'Cr- 
labelled Jurkat cells in the presence of DcR3-Fc (filled circles), Fas-Fc (open 
circles) or human IgGi (triangles), and target-cell death was determined by 
release of *'Cr {mean ± s.d. for two donors, each in triplicate). 
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we mapped the human DcR3 gene by radiation-hybrid analysis; 
DcR3 showed linkage to marker AFM2 18xe7 (T 160), which maps to 
chromosome position 20ql3, Next, we isolated from a bacterial 
artificial chromosome (BAC) library a human genomic clone that 
carries DcR3, and sequenced the ends of the clone's insert. We then 
determined, from the nine colon tumours that showed twofold or 
greater amplification of DcR3, the copy number of the DcR3- 
flanking sequences (reverse and forward) from the BAC, and of 
seven genomic markers that span chromosome 20 (Fig. 4d). The 
DcR3 -linked reverse marker showed an average amplification of 
roughly threefold, slightly less than the approximately fourfold 
amplification of DcR3; the other markers showed little or no 
amplification. These data indicate that DcR3 may be at the 'epi- 
centre* of a distal chromosome 20 region that is amplified in colon 
cancer, consistent with the possibility that DcR3 amplification 
promotes tumour survival. 

Our results show that DcR3 binds specifically to FasL and inhibits 
FasL activity. We did not detect DcR3 binding to several other TNF- 
ligand-family members; however, this does not rule out the possi- 
bility that DcR3 interacts with other ligands, as do some other 
TNFR family members, including OPG^*'^ , 

FasL is important in regulating the immune response; however, 
little is known about how FasL function is controlled. One mechan- 
ism involves the molecule cFLIP, which modulates apoptosis signal- 
ling downstream of Fas^°. A second mechanism involves proteolytic 
shedding of FasL from the cell surface*^. DcR3 competes with Fas for 



a b d 




Figure 4 Genomic amplification of DcR3 in tumours, a. Lung cancers, comprising 
eight adenocarcinomas (c, d. f, g, h, j, k, r), seven squamous-cell carcinomas (a, e. 
m, n, 0, p, q), one non-small-cell carcinoma (b), one small-cell carcinoma (i), and 
one bronchial adenocarcinoma (1). The data are means ± s.d, of 2 experiments; 
done in duplicate, b. Colon tumours, comprising 17 adenocarcinomas. Data are 
means * s.e.m. of five experiments done- in duplicate, c. In situ hybridization 
analysis of DcR3 mRNA expression in a squamous-cell carcinoma of the lung. A 
representative bright-field image (left) and the corresponding dark-field image 
(right) show DcR3 mRNA over infiltrating malignant epithelium (arrowheads). 
Adjacent non-malignant stroma (S). blood vessel (V) and necrotic tumour tissue 
(N) are also shown, d. Average amplification of DcR3 compared with amplifica- 
tion of neighbouring genomic regions (reverse and fonward. Rev and Fwd), the 
DcR3-linked marker Ti60. and other chromosome-20 markers, in the nine colon 
tumours showing DcR3 amplification of twofold or more (b). Data are from two 
experiments done in duplicate. Asterisk indicates P < 0.01 for a Student's f-test 
comparing each marker with DcR3. 
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FasL binding; hence» it may rjepresent a third mechanism of 
extracellular regulation of FasL activity. A decoy receptor that 
modulates the function of the cytokine interleukin- 1 has been 
described^'. In addition, two decoy receptors that belong to the 
TNFR family, DcRl and DcR2, regulate the FasL-related apoptosis- 
inducing molecule Apo2L". Unlike DcRl and DcR2, which are 
membrane-associated proteins, DcR3 is directly secreted into the 
extracellular space. One other secreted TNFR-family member is 
OPG\ which shares greater sequence homology with DcR3 (31%) 
than do DcRl (17%) or DcR2 (19%); OPG functions as a third 
decoy for Apo2L". Thus, DcR3 and OPG define a new subset of 
TNFR-family members that function as secreted decoys to mod- 
ulate ligands that induce apoptosis. Pox viruses produce soluble 
TNFR homologues that neutralize specific TNF-family ligands. 
thereby modulating the antiviral immune response^ Our results 
indicate that a similar mechanism, namely, production of a soluble 
decoy receptor for FasL, may contribute to immune evasion by 
certain tumours. □ 



Methods 

Isolation of DcR3 cDNA. Several overlapping ESTs in GenBank (accession 
numbers AA025672, AA025673 and W67560) and in Lifeseq^" (Incyte 
Pharmaceuticals; accession numbers 1339238, 1533571, 1533650, 1542861, 
1789372 and 2207027) showed similarity to members of the TNFR family. We 
screened human cDNA libraries by PGR with primers based on the region of 
EST consensus; fetal lung was positive for a product of the expected size. By 
hybridization to a PCR-generated probe based on the ESTs, one positive clone 
(DNA30942) was identified. When searching for potential alternatively spliced 
forms of DcR3 that might encode a transmembrane protein, we isolated 50 
more clones; the coding regions of these clones were identical in size to that of 
the initial clone (data not shown). 

Fc*fusion proteins (immunoadhesins). The entire DcR3 sequence, or the 
ectodomain of Fas or TNFRl, was fused to the hinge and Fc region of human 
IgGl, expressed in insect SF9 cells or in human 293 cells, and purified as 
described". 

Fluorescence-activated cell sorting (FACS) analysis. We transfected 293 
cells using calcium phosphate or Effectene (Qiagen) with pRK5 vector or pRK5 
encoding full-length human FasL* (2>g), together with pRK5 encoding GrmA 
(2p.g) to prevent cell death. After 16 h, the cells were incubated with 
biotinylated DcR3-Fc or TNFRl -Fc and then with phycoerythrin-conjugated 
streptavidin (GibcoBRL), and were assayed by FACS. The data were analysed by 
Kolmogorov-Smirnov statistical analysis. There was some detectable staining 
of vector-transfected cells by DcR3-Fc; as these cells express litde FasL (data 
not shown), it is possible that DcR3 recognized some other factor that is 
expressed constitu lively on 293 cells. 

Immunopreclpitation. Human 293 cells were transfected as above, and 
metabolically labelled with ("Slcysteine and ["Sj methionine (0.5 mCi; 
Amersham). After 16h of culture in the presence of z-VAD-frnk (lOjiM), 
the medium was immunoprecipitated with DcR3-Fc, Fas-Fc or TNFRl -Fc 
(Sfig), followed by protein A-Sepharose (Repligen). The precipitates were 
resolved by SDS-PAGE and visualized on a phosphorimager (Fuji BAS2000). 
Alternatively, purified, Flag-tagged soluble FasL (1 p-g) (Alexis) was incubated 
with each Fc-fiision protein (1 jig), precipitated with protein A-Sepharose, 
resolved by SDS-PAGE and visualized by immunoblotting with rabbit anti- 
FasL antibody (Oncogene Research). 

Analysis of complex formation. Flag-tagged soluble FasL (25txg) was 
incubated with buffer or with DcR3-Fc (40 p.g) for 1.5 h at 24 °C. The reaction 
was loaded onto a Superdex 200 HR 10/30 column (Pharmacia) and developed 
with PBS; 0.6-ml fractions were collected. The presence of DcR3-Fc-FasL 
complex in each fraction was analysed by placing 100 ^il aiiquots into microtitre 
wells precoated with anti-human IgG (Boehringer) to capture DcR3-Fc, 
followed by detection with biotinylated anti-Flag antibody Bio M2 (Kodak) and 
streptavidin-horseradish peroxidase (Amersham). Calibrarion of the column 
indicated an apparent relative molecular mass of the complex of 420K (data not 
shown), which is consistent with a stoichiometry of two DcR3-Fc homodimers 
to two soluble FasL homotrimers. 

Equilibrium binding analysis. Microtitre wells were coated with anti-human 



IgG, blocked with 2% BSA in PBS. DcR3-Fc or Fas-Fc was added, followed by 
serially diluted Flag-tagged soluble FasL. Bound ligand was detected with anti- 
Flag antibody as above. In the competition assay. Fas-Fc was immobilized as 
above, and the wells were blocked with excess IgGl before addition of Flag- 
tagged soluble FasL plus DcR3-Fc. 

T-cell AlCD. CD3* lymphocytes were isolated from peripheral blood of 
individual donors using anti-CD3 magnetic beads (Miltenyi Biotech), 
stimulated with phytohaemagglutinin (PHA; 2 M-g ml"') for 24 h, and cultured 
in the presence of interleukin-2 ( 100 U ml"') for 5 days. The cells were plated in 
wells coated with anti-CD3 antibody (Pharmingen) and analysed for apoptosis 
16 h later. by FACS analysis of annexin-V-binding of CD4^ cells^*. 
Natural killer cell activity. Natural killer cells were isolated from peripheral 
blood of individual donors using anti-CD56 magnetic beads (Miltenyi 
Biotech), and incubated for 16 h with ^'Cr-loaded Jurkat cells at an effector- 
to-target ratio of 1:1 in the presence of DcR3-Fc, Fas-Fc or human IgGl. 
Target-cell death was determined by release of ?'Cr in effector- target co- 
cultures relative to release of ^'Cr by detergent lysis of equal numbers of Jurkat 
ceUs. 

Gene-amplification analysis. Surgical specimens were provided by J, Kern 
(lung tumours) and P. Quirke (colon tumours). Genomic DNA was extracted 
(Qiagen) and the concentration was determined using Hoechst dye 33258 
intercalation fluorometry. Amplification was determined by quantitative PGR" 
using aTaqMan instrument (ABI). The method was validated by comparison of 
PGR and Southern hybridization data for the Myc and HER- 2 oncogenes (data 
not shown). Gene-specific primers and fluorogenic probes were designed on 
the basis of the sequence of DcR3 or of nearby regions identified on a BAG 
carrying the human DcR3 gene; alternatively, primers and probes were based 
■ on Stanford Human Genome Center marker AFM218xe7 (T160), which is 
linked to DcR3 (likelihood score = 5.4), SHGC-36268 (T159), the nearest 
available marker which maps to ^500 kilobases from T160, and five extra 
markers that span chromosome 20. The DcR3-specific primer sequences were 
5'-CTTCTTCGCGCACGGTG-3' and 5'-ATCACGCCGGCACCAG-3' and the 
fluorogenic probe sequence was 5'-(FAM-ACACGATGCGTGGTCCAAGGAG 
AAp-(TAMARA), where FAM is 5' -fluorescein phosphoramidite. Relative 
gene-copy numbers were derived using the formula 2*'^^', where ACT is the 
difference in amplification cycles required to detect DcR3 in peripheral blood 
lymphocyte DNA compared to test DNA. 
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ABC transporters (also known as traffic ATPases) form a large 
family of proteins responsible for the translocation of a variety 
of compounds across membranes of both prokaryotes and 
eukaryotes'. The recently completed Escherichia coli genome 
sequence revealed that the largest family of paralogous E coli 
proteins is composed of ABC transporters^. Many eukaryotic 
proteins of medical significance belong to this family, such as 
the cystic fibrosis transmembrane conductance regulator (CFTR), 
the P-glycoprotein (or multidrug-resistance protein) and the 
heterodimeric transporter associated Svith antigen processing 
(Tapl-Tap2). Here we report the crystal structure at 1.5 A resolu- 
tion of HisP, the ATP-binding subunit of the histidine permease, 
which is an ABC transporter from Salmonella typhimurium. We 
correlate the details of this structure with the biochemical, genetic 
and biophysical properties of the wild-type and several mutant 
HisP proteins. The structure provides a basis for understanding 
properties of ABC transporters and of defective CFTR proteins. 

ABC transporters contain four structural domains: two nucleo- 
tide-binding domains (NBDs), which are highly conserved 
throughout the family, and two transmembrane domains'. In 
prokaryotes these domains are often separate subunits which are 
assembled into a membrane -bound complex; in eukaryotes the 
domains are generally fused into a single polypeptide chain. The 
periplasmic histidine permease of S. typhimurium and E. coli^^'^ is a 
well-characterized ABC transporter that is a good model for this 
superfamily It consists of a membrane-bound complex, HisQMP2, 
which comprises integral membrane subunits, HisQ and HisM, and 
two copies of HisP, the ATP-binding subunit. HisP, which has 
properties intermediate between those of integral and peripheral 
membrane proteins', is accessible from both sides of the membrane, 
presumably by its interaction with HisQ and HisM*. The two HisP 
subunits form a dimer,-as shown by their cooperativity in ATP 
hydrolysis^ the requirement for both subunits to be present for 
activity*, and the formation of a HisP dimer upon chemical cross- 
linking. Soluble HisP also forms a dimer^. HisP has been purified 
and characterized in an active soluble form' which can be recon- 
stituted into a fully active membrane-bound complex*. 

The overall shape of the crystal structure of the HisP monomer is 
that of an *U with two thick arms (arm I and arm II); the ATP- 
binding pocket is near the end of arm I (Fig, 1). A six-stranded (3- 
sheet ((33 and 38-pl2) spans both arms of the L, with a domain of a 
a- plus 3-type structure (pi, p2, p4-P7, al and a2) on one side 
(within arm I) and a domain of mosdy a-helices (a3-a9) on the 
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Figure 1 Crystal structure of HisP. a, View of the dimer along an axis 
perpendicular to its two-fold axis. The top and bottom of the dimer are suggested 
to face towards the periplasmic and cytoplasmic sides, respectively (see text). 
The thickness of arm II is about 25 A, comparable to that of membrane. a-Helices 
are shown in orange and p-sheets in green, b. View along the two-fold axis of the 
HisP dimer, showing the relative displacement of the monomers not apparent in 
a. The p-strands at the dimer interface are labelled, c, View of one monomer from 
the bottom of arm I, as shown in a, towards arm II, showing the ATP-binding 
pocket, a-c, The protein and the bound ATP are in 'ribbon' and 'ball-and-stick' 
representations, respectively. Key residues discussed in the text are indicated in 
c. These figures were prepared with MOLSCRtPT^. N. amino terminus; C. C 
terminus. 
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Gene amplification is a common event in the progression of 
human cancers, and amplified oncogenes have been shown to 
have diagnostic, prognostic and therapeutic relevance. A 
kinetic quantitative polymerase-chain-reaction (PGR) method, 
based on fluorescent TaqMan methodology and a new instru- 
ment (ABI Prism 7700 Sequence Detection System) capable 
of measuring fluorescence in real-time, was used to quantify 
gene amplification in tumor DMA. Reactions are character- 
ized by the point during cycling when PGR amplification is stilt 
in the exponential phase, rather than the amount of PGR 
product accumulated after a fixed number of cycles. None of 
the reaction components is limited during the exponential 
phase, meaning that values are highly reproducible in reac- 
tions starting with the same copy number. This greatly 
improves the precision of DNA quantification. Moreover, 
real-time PGR does not require post-PGR sample handling, 
thereby preventing potential PGR-product carry-over con- 
tamination; it possesses a wide dynamic range of quantifica- 
tion and results in much faster and higher sample throughput. 
The real-time PGR method, was used to develop and validate 
a simple and rapid assay for the detection and quantification 
of the 3 most frequently amplified genes (myc, ccnd7 and 
erbB2) in breast tumors. Extra copies of myc, ccndl and erbB2 
were observed in 10, 23 and 15%, respectively, of 108 breast- 
tumor DNA; the largest observed numbers of gene copies 
were 4.6, 18.6 and 15.1, respectively. These results correlated 
well with those of Southern blotting. The use of this new 
semi-automated technique will make molecular analysis of 
human cancers simpler and more reliable, and should find 
broad applications in clinical and research settings. Int. I 
Cancer 78:661 -666, 1998. 
© 1998 miey-Liss, Inc. 

Gene amplification plays an important role in the pathogenesis 
of various solid tumors, including breast cancer, probably because 
over-expression of the amplified target genes confers a selective 
advantage. The first technique used to detect genomic amplification 
was cytogenetic analysis. Amplification of several chromosome 
regions, visualized either as extrachromosomal double minutes 
(dmins) or as integrated homogeneously staining regions (HSRs), 
are among the main visible cytogenetic abnormalities in breast 
tumors. Other techniques such as comparative genomic hybridiza- 
tion (CGH) (Kallioniemi et aL, 1994) have also been used in broad 
searches for regions of increased DNA copy numbers in tumor 
cells, and have revealed some 20 amplified chromosome regions in 
breast tumors. Positional cloning efforts are underway to identify 
the critical gene(s) in each amplified region. To date, genes known 
to be amplified frequently in breast cancers include myc (8q24), 
ccnd\ ( 1 1 q 1 3), and erbBl ( 1 7q 1 2-q2 1 ) (for review, see Bieche and 
Lidereau, 1995). 

Amplification of the myc, ccndl, and erbB2 proto-oncogenes 
should have clinical relevance in breast cancer, since independent 
studies have shown that these alterations can be used to identify 
sub-populations with a worse prognosis (Bems et ai, 1992; 
Schuuring et aL 1992; Slamon et ai, 1987). Muss et al, (1994) 
suggested that these gene alterations may also be useful for the 
prediction and assessment of the efficacy of adjuvant chemotherapy 
and hormone therapy. 

However, published results diverge both in terms of the fre- 
quency of these alterations and their clinical value. For instance, 
over 500 studies in 10 years have failed to resolve the controversy 



surrounding the link suggested by Slamon et al (1987) between 
erbBl amplification and disease progression. These discrepancies 
are partly due to the clinical histological and ethnic heterogeneity 
of breast cancer, but technical considerations are also probably 
involved. 

Specific genes (DNA) were initially quantified in tumor cells by 
means of blotting procedures such as Southern and slot blotting. 
These batch techniques require large amounts of DNA (5-10 
Hg/reaction) to yield reliable quantitative results. Furthermore, 
meticulous care is required at all stages of the procedures to 
generate blots of sufficient quality for reliable dosage analysis. 
Recently, PCR has proven to be a powerftil tool for quantitative 
DNA analysis, especially with minimal starting quantities of tumor 
samples (small, early-stage tumors and formalin-fixed, paraffin- 
embedded tissues). 

Quantitative PCR can be performed by evaluating the amount of 
product either after a given number of cycles (end-point quantita- 
tive PCR) or after a varying number of cycles during the 
exponential phase (kinetic quantitative PCR). In the first case, an 
internal standard distinct from the target molecule is required to 
ascertain PCR efficiency. The method is relatively easy but implies 
generating, quantifying and storing an internal standard for each 
gene studied. Nevertheless, it is the most frequently applied 
method to date. 

One of the major advantages of the kinetic method is its rapidity 
in quantifying a new gene, since no internal standard is required (an 
external standard curve is sufficient). Moreover, the kinetic method 
has a wide dynamic range (at least 5 orders of magnitude), giving 
an accurate value for samples differing in their copy number. 
Unfortunately, the method is cumbersome and has therefore been 
rarely used. It involves aliquot sampling of each assay mix at 
regular intervals and quantifying, for each aliquot, the amplifica- 
tion product. Interest in the kinetic method has been stimulated by a 
novel approach using fluorescent TaqMan methodology and a new 
instrument (ABI Prism 7700 Sequence Detection System) capable 
of measuring fluorescence in real time (Gibson et al, 1 996; Heid et 
al, 1996). The TaqMan reaction is based on the 5' nuclease assay 
first described by Holland et al (1991). The latter uses the 5' 
nuclease activity of Taq polymerase to cleave a specific fluorogenic 
oligonucleotide probe during the extension phase of PCR. The 
approach uses dual-labeled fluorogenic hybridization probes (Lee 
et al. 1993). One fluorescent dye, co-valently linked to the 5' end 
of the oligonucleotide, serves as a reporter [FAM {i.e., 6-carboxy- 
fluorescein)] and its emission spectrum is quenched by a second 
fluorescent dye, TAMRA (i.e., 6-carboxy-tetramethyl-rhodamine) 
attached to the 3' end. During the extension phase of the PCR 
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cycle, the fluorescent hybridization probe is hydrolyzed by the 
5'-3' nucleolytic activity of DNA polymerase. Nuclease degrada- 
tion of the probe releases the quenching of FAM fluorescence 
emission, resulting in an increase in peak fluorescence emission. 
The fluorescence signal is normalized by dividing the emission 
intensity of the reporter dye (FAM) by the emission intensity of a 
reference dye {i.e., ROX, 6-carboxy-X-rhodamine) included in 
TaqMan buffer, to obtain a ratio defined as the Rn (normalized 
reporter) for a given reaction tube. The use of a sequence detector 
enables the fluorescence spectra of all 96 wells of the thermal 
cycler to be measured continuously during PGR amplification. 

The real -time PGR method offers several advantages over other 
current quantitative PGR methods (Celi et ai, 1994): (i) the 
probe-based homogeneous assay provides a real-time method for 
detecting only specific amplification products, since specific hybri- 
dation of both the primers and the probe is necessary to generate a 
signal; fii) the Q (threshold cycle) value used for quantification is 
measured when PGR amplification is still in the log phase of PGR 
product accumulation. This is the main reason why Q is a more 
reliable measure of the starting copy number than are end-point 
measurements, in which a slight difference in a limiting component 
can have a drastic effect on the amount of product; (Hi) use of G, 
values gives a wider dynamic range (at least 5 orders of magni- 
tude), reducing the need for serial dilution; (iv) The real-time PGR 
method is run in a closed-tube system and requires no post-PGR 
sample handling, thus avoiding potential contamination; (v) the 
system is highly automated, since the instrument continuously 
measures fluorescence in all 96 wells of the thermal cycler during 
PGR amplification and the corresponding software processes, and 
analyzes the fluorescence data; (vi) the assay is rapid, as results are 
available just one minute after thermal cycling is complete; (vii) the 
sample throughput of the method is high, since 96 reactions can be 
analyzed in 2 hr. 

Here, we applied this semi -automated procedure to determine 
the copy numbers of the 3 most frequently amplified genes in breast 
tumors {myc, ccndi and erbBl), as well as 2 genes (alb and app) 
located in a chromosome region in which no genetic changes have 
been observed in breast tumors. The results for 108 breast tumors 
were compared with previous Southern-blot data for the same 
samples. 

MATERIAL AND METHODS 
Tumor and blood samples 

Samples were obtained from 1 08 primary breast tumors removed 
surgically from patients at the Gentre Rene Huguenin; none of the 
patients had undergone radiotherapy or chemotherapy. Immedi- 
ately afl;er surgery, the tumor samples were placed in liquid 
nitrogen until extraction of high-molecular- weight DNA. Patients 
were incllided in this study if the tumor sample used for DNA 
preparation contained more than 60% of tumor cells (histological 
analysis). A blood sample was also taken from 18 of the same 
patients. 

DNA was extracted from tumor tissue and blood leukocytes 
according to standard methods. 

Real-time PCR 

Theoretical basis. Reactions are characterized by the point 
during cycling when amplification of the PGR product is first 
detected, rather than by the amount of PCR product accumulated 
after a fixed number of cycles. The higher the starting copy number 
of the genomic DNA target, the eariier a significant increase in 
fluorescence is observed. The parameter Gt (threshold cycle) is 
defined as the fractional cycle number at which the fluorescence 
generated by cleavage of the probe passes a fixed threshold above 
baseline. The target gene copy number in unknown samples is 
quantified by measuring G, and by using a standard curve to 
determine the starting copy number. The precise amount of 
genomic DNA (based on optical density) and its quality (i.e., lack 



of extensive degradation) are both difficult to assess. We therefore 
also quantified a control gene (alb) mapping to chromosome region 
4qll-ql3. in which no genetic alterations have been found in 
breast-tumor DNA by means of CGH (Kallioniemi ei ai, 1 994). 

Thus, the ratio of the copy number of the target gene to the copy 
number of the alb gene normalizes the amount and quality of 
genomic DNA. The ratio defining the level of amplification is 
termed '*N*\ and is determined as follows: 

copy number of target gene {app, myc, ccndl. erbBl) 

N = ■■ . 

copy number of reference gene {alb) 

Primers, probes, reference human genomic DNA and PCR 
consumables. Primers and probes were chosen with the assistance 
of the computer programs Oligo 4.0 (National Biosciences, Ply- 
mouth, MN), EuGene (Daniben Systems, Gincinnati, OH) and Primer 
Express (Perkin-Elmer Applied Biosystems, Foster City, GA). 

Primers were purchased from DN Agency (Malvern, PA) and 
probes from Perkin-Elmer Applied Biosystems. 

Nucleotide sequences for the oligonucleotide hybridization 
probes and primers are available on request. 

The TaqMan PGR Core reagent kit, MicroAmp optical tubes, 
and MicroAmp caps were from Perkin-Elmer Applied Biosystems. 

Standard-curve construction. The kinetic method requires a 
standard curve. The latter was constructed with serial dilutions of 
specific PCR products, according to Piatak et ai (1993). In 
practice, each specific PGR product was obtained by amplifying 20 
rig of a standard human genomic DNA (Boehringer, Mannheim, 
Germany) with the same primer pairs as those used later for 
real-time quantitative PCR. The 5 PCR products were purified 
using MicroSpin S-400 HR columns (Pharmacia, Uppsala, Swe- 
den) electrophorezed through an acrylamide gel and stained with 
ethidium bromide to check their quality. The PCR products were 
then quantified spectrophotometrically and pooled, and serially 
diluted 10-fold in mouse genomic DNA (Glontech, Palo Alto, GA) 
at a constant concentration of 2 ng/^il. The standard curve used for 
real-time quantitative PGR was based on serial dilutions of the pool 
of PCR products ranging fi-om lO"'' (10^ copies of each gene) to 
10"*" (102 copies). This series of diluted PCR products was 
aliquoted and stored at -80°G until use. 

The standard curve was validated by analyzing 2 known 
quantities of calibrator human genomic DNA (20 ng and 50 ng). 

PCR amplification. Amplification mixes (50 ^il) contained the 
sample DNA (around 20 ng, around 6600 copies of disomic genes), 
lOX TaqMan buffer (5 ^l), 200 jiM dATP, dCTP, dCTP, and 400 
HM dUTP, 5 mM MgCl:, 1.25 units of AmpliTaq Gold, 0.5 units of 
AmpErase uracil N-glycosylase (UNO), 200 nM each primer and 
100 nM probe. The thermal cycling conditions comprised 2 min at 
50°C and 1 0 min at 95°G. Thermal cycling consisted of 40 cycles at 
95*'C for 15 s and 65°G for I min. Each assay included: a standard 
curve (from 10-^ to 10^ copies) in duplicate, a no-template control, 
20 ng and 50 ng of calibrator human genomic DNA (Boehringer) in 
triplicate, and about 20 ng of unknown genomic DNA in triplicate 
(26 samples can thus be analyzed on a 96-well microplate). All- 
samples with a coefficient of variation (GV) higher than 1 0% were 
retested. 

All reactions were performed in the ABI Prism 7700 Sequence 
Detection System (Perkin-Elmer Applied Biosystems), which 
detects the signal from the fluorogenic probe during PGR. 

Equipment for real-time detection. The 7700 system has a 
built-in thermal cycler and a laser directed via fiber optical cables 
to each of the 96 sample wells. A charge-coupled-device (GDD) 
camera collects the emission from each sample and the data are 
analyzed automatically. The software accompanying the 7700 
system calculates Gi and determines the starting copy number in the 
samples. 
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Determination of gene amplification. Gene amplification was 
calculated as described above. Only samples with an N value 
higher than 2 were considered to be amplified. 

RESULTS 

To validate the method, real-time PCR was performed on 
genomic DNA extracted from 108 primary breast tumors, and 18 
normal leukocyte DNA samples fi"om some of the same patients. 
The target genes were the myc, ccndl and erbBl proto-oncogenes, 
and the p-amyloid precursor protein gene (app), which maps to a 
chromosome region (21q21.2) in which no genetic alterations have 
been found in breast tumors (Kallioniemi et ai, 1994). The 
reference disomic gene was the albumin gene {alb, chromosome 
4qll-ql3). 



Validation of the standard curve and dynamic range 
of real-time PCR 

The standard curve was constructed from PCR products serially 
diluted in genomic mouse DNA at a constant concentration of 
2 ng/fil. It should be noted that the 5 primer pairs chosen to analyze 
the 5 target genes do not amplify genomic mouse DNA (data not 
shown). Figure 1 shows the real-time PCR standard curve for the 
alb gene. The dynamic range was wide (at least 4 orders of 
magnitude), with samples containing as few as 10- copies or as 
many as 10^ copies. 

Copy-number ratio of the 2 reference genes (app and alb) 

The app to alb copy-number ratio was determined in 1 8 normal 
leukocyte DNA samples and all 108 primary breast-tumor DNA 
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Figure 1 - Albumin (alb) gene dosage by real-time PCR. Top: Amplification plots for reactions with starting alb gene copy number ranging 
from 10^ (A9), 10^ (A7), 10' (A4) to 10^ (A2) and a no-template control (Al). Cycle number is plotted v5. change in normalized reporter signal 
(ARn). For each reaction tube, the fluorescence signal of the reporter dye (FAM) is divided by the fluorescence signal of the passive reference dye 
(ROX), to obtain a ratio defined as the normalized reporter signal (Rn). ARn represents the normalized reporter signal (Rn) minus the baseline 
signal established in the first 15 PCR cycles. ARn increases during PCR as alb PCR product copy number increases until the reaction reaches a 
plateau. C, (threshold cycle) represents the fractional cycle number at which a significant increase in Rn above a baseline signal (horizontal black 
line) can first be detected. Two replicate plots were performed for each standard sample, but the data for only one are shown here. Bottom: 
Standard curve plotting log starting copy number vs. C, (threshold cycle). The black dots represent the data for standard samples plotted in 
duplicate and the red dots the data for unknown genomic DNA samples plotted in triplicate. The standard curve shows 4 orders of linear dynamic 
range. 
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samples. We selected these 2 genes because they are located in 2 
chromosome regions {app, 21q21.2; alb, 4qll-ql3) in which no 
obvious genetic changes (including gains or losses) have been 
observed in breast cancers (Kallioniemi et al, 1 994). The ratio for 
the 18 normal leukocyte DNA samples fell between 0.7 and 1.3 
(mean 1.02 ± 0.21), and was similar for the 108 primary breast- 
tumor DNA samples (0.6 to 1.6, mean 1.06 ± 0.25), confirming 
that alb and app are appropriate reference disomic genes for 
breast-tumor DNA. The low range of the ratios also confirmed that 
the nucleotide sequences chosen for the primers and probes were 
not polymorphic, as mismatches of their primers or probes with the 
subject's DNA would have resulted in differential amplification. 

myc, ccndl and erb52 gene dose in normal leukocyte DNA 

To determine the cut-off point for gene amplification in breast- 
cancer tissue, 18 normal leukocyte DNA samples were tested for 
the gene dose (N), calculated as described in "Material and 
Methods". The N value of these samples ranged from 0.5 to 1.3 
(mean 0.84 ± 0.22) for mvc, 0.7 to 1.6 (mean 1.06 ± 0.23) for 
ccnd} and 0.6 to 1 .3 (mean'O.9 1 ± 0. 1 9) for erbBl. Since N values 
for myc, ccndl and erbBl in normal leukocyte DNA consistently 
fell between 0.5 and 1 .6, values of 2 or more were considered to 
represent gene amplification in tumor D>JA. 

myc, ccnd 1 and erb52 gene dose in breast-tumor DNA 

myc, ccndl and erbBl gene copy numbers in the 108 primary 
breast tumors are reported in Table I. Extra copies of ccndl were 
more frequent (23%, 25/108) than extra copies of erbBl (15%, 
16/108) and myc (10%, 11/108), and ranged from 2 to 18.6 for 
ccndl, 2 to 15.1 for erbBl, and only 2 to 4.6 for the myc gene. 
Figure 2 and Table II represent tumors in which the ccndl gene was 
amplified 16-fold (T145), 6-fold (T133) and non-amplified (TI 18). 
The 3 genes were never found to be co-amplified in the same tumor. 
erbBl and ccndl were co-amplified in only 3 cases, myc and ccndl 
in 2 cases and myc and erbBl in 1 case. This favors the hypothesis 
that gene amplifications are independent events in breast cancer. 
Interestingly, 5 tumors showed a decrease of at least 50% in the 
erbBl copy number (N < 0.5), suggesting that they bore deletions 
of the 17q21 region (the site of erbBl), No such decrease in copy 
number was observed with the other 2 proio-oncogenes. 

Comparison of gene dose determined by real-time quantitative 
PCR and Southern-blot analysis 

Southern-blot analysis of myc, ccndl and erbBl amplifications 
had previously been done on the same 1 08 primary breast tumors. A 
perfect correlation between the results of real-time PCR and 
Southern blot was obtained for tumors with high copy numbers 
(N S 5). However, there were cases (1 myc, 6 ccndl and 4 erbBl) 
in which real-time PCR showed gene amplification whereas 
Southern-blot did not, but these were mainly cases with low extra 
copy numbers (N from 2 to 2.9). 

DISCUSSION 

The clinical applications of gene amplification assays are 
currently limited, but would certainly increase if a simple, standard- 
ized and rapid method were perfected. Gene amplification status 
has been studied mainly by means of Southern blotting, but this 
method is not sensitive enough to detect low-level gene amplifica- 
tion nor accurate enough to quantify the full range of amplification 
values. Southern blotting is also time-consuming, uses radioactive 



TABLE I - DISTRIBUTION OF AMPLIFICATION LEVEL (N) FOR myc. 
ccndl AND erbB2 GENES IN 108 HUMAN BREAST TUMORS 



Gene 




Amplification level (N) 




<0.5 


0.5-1.9 * 2-4.9 




myc 

ccndl 

erbBl 


0 
0 

5 (4.6%) 


97(89.8%) il (10.2%) 
83 (76.9%) 17(15.7%) 
87(80.6%) 8(7.4%) 


0 

8 (7.4%) 
8 (7.4%) 



reagents and requires relatively large amounts of high-quality 
genomic DNA, which means it cannot be used routinely in many 
laboratories. An amplification step is therefore required to deter- 
mine the copy number of a given target gene from minimal 
quantities of tumor DNA (small eariy-siage tumors, cytopuncture 
specimens or formalin-fixed, paraffin-embedded tissues). 

In this study, we validated a PCR method developed for the 
quantification of gene over-representation in tumors. The method, 
based on real-time analysis of PCR amplification, has several 
advantages over other PCR-based quantitative assays such as 
competitive quantitative PCR (Celi et ai, 1994). First, the real-time 
PCR method is performed in a closed-tube system, avoiding the 
risk of contamination by amplified products. Re-amplification of 
carryover PCR products in subsequent experiments can also be 
prevented by using the enzyme uracil N-glycosylase (UNO) 
(Longo el ai, 1990). The second advantage is the simplicity and 
rapidity of sample analysis, since no posi-PCR manipulations are 
required. Our results show that the automated method is reliable. 
We found it possible to determine, in triplicate, the number of 
copies of a target gene in more than 100 tumors per day. Third, the 
system has a linear dynamic range of at least 4 orders of magnitude, 
meaning that samples do not have to contain equal starting amounts 
of DNA. This technique should therefore be suitable for analyzing 
formalin-fixed, paraflfin-embedded tissues. Fourth, and above all, 
real-time PCR makes DNA quantification much more precise and 
reproducible, since il is based on C, values rather than end-point 
measurement of the amount of accumulated PCR product. Indeed, 
the ABI Prism 7700 Sequence Detection System enables C, to be 
calculated when PCR amplification is still in the exponential phase 
and when none of the reaction components is rate-limiting. The 
within-run CV of the C, value for calibrator human DNA (5 
replicates) was always below 5%, and the beiween-assay precision 
in 5 different runs was always below 10% (data not shown). In 
addition, the use of a standard curve is not absolutely necessary, 
since the copy number can be determined simply by comparing the 
Ci ratio of the target gene with that of reference genes. The results 
obtained by the 2 methods (with and without a standard curve) are 
similar in our experiments (data not shown). Moreover, unlike 
competitive quantitative PCR, real-lime PCR does not require an 
internal control (the design and storage of internal controls and the 
validation of their amplification efficiency is laborious). 

The only potential disa vantage of real-time PCR, like all other 
PCR-based methods and solid-matrix blotting techniques (South- 
ern blots and dot blots) is that is cannot avoid dilution artifacts 
inherent in the extraction of DNA from tumor cells contained iri 
heterogeneous tissue specimens. Only FISH and immunohistochem- 
istry can measure alterations on a cell-by-cell basis (Pauletti et al, 
1996; Slamon et ai, 1989). However, FISH requires expensive 
equipment and trained personnel and is also time-consuming. 
Moreover, FISH does not assess gene expression and therefore 
cannot detect cases in which the gene product is over-expressed in 
the absence of gene amplification, which will be possible in the 
future by real-time quantitative RT-PCR. Immunohistochemistry is 
subject to considerable variations in the hands of different teams, 
.owing to alterations of target proteins during the procedure, the 
different primary antibodies and fixation methods used and the 
criteria used to define positive staining. 

The results of this study are in agreement with those reported in 
the literature. (/) Chromosome regions 4qll-ql3 and 21q21,2 
(which bear alb and app, respectively) showed no genetic alter- 
ations in the breast-cancer samples studied here, in keeping with 
the results of CGH (Kallioniemi et ai, 1994). (ii) We found that 
amplifications of these 3 oncogenes were independent events, as 
reported by other teams (Bems et ai, 1 992; Borg el ai, 1 992). {Hi) 
The frequency and degree of myc amplification in our breast tumor 
DNA series were lower than those of ccndl and erbBl amplifica- 
tion, confirming the findings of Borg et ai (1 992) and Courjal et ai 
(1997). (/v) The maxima of ccndl and erbBl over- representation 
were 18-fold and 15-fold, also in keeping with eariier results (about 
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Figure 2 - ccncil and alb gene dosage by real-time PGR in 3 breast tunnor samples: Tl 1 8 (E 1 2, C6, black squares), Tl 33 (G 1 1 . B4, red squares) 
and T145 (A8, C8, blue squares). Given the C, of each sample, the initial copy number is inferred from the standard curve obtained during the same 
experiment. Triplicate plots were performed for each tumor sample, but the data for only one are shown here. The results are shown in Table II. 



30-foId maximum) (Bemse/fl/., 1992; Borge/o/., 1 992; Courjal 
ai, 1997). (v) The er^B2 copy numbers obtained with real-time 
PGR were in good agreement with data obtained with other 
quantitative PCR-based assays in terms of the frequency and 
degree of amplification (An et al, 1995; Deng et al, 1996; Valeron 



et al, 1996). Our results also correlate well with those recently 
published by Gelmini et ai ( 1 997), who used the TaqMan system to 
measure erbBl amplification in a small series of breast tumors 
(n = 25), but with an instrument (LS-50B luminescence spectrom- 
eter, Perkin-Elmer Applied Biosystems) which only allows end- 
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TABLE H - EXAMPLES OF ccndl GENE DOSAGE RESULTS 
. FROM 3 BREAST TUMORS' 



Tumor 




ccndl 






aib 




Uccfid}/afb 


Copy 
number 


Mean 


SD 


Copy 
number 


Mean 


SD 


1118 


4525 






4223 










4605 


4603 


77 


4365 


4325 


89 


1.06 




4678 






4387 








T133 


59821 






9787 










61659 


61100 


ini 


10092 


10137 


375 


6.03 




61821 






10533 








T145 


128563 






7321 










125892 


125392 


3448 


7762 


7672 


316 


16.34 




121722 






7933 









'For each sample, 3 replicate experiments were performed and the mean, 
and the standard deviation (SD) was determined. The level of ccndl gene 
amplification (t^ccndJIalh) is determined by dividing the average ccndj 
copy namber value by the average alb copy number value. 



point measurement of fluorescence intensity. Here we report myc 
and ccndl gene dosage in breast cancer by means of quantitative 
PGR. (vi) We found a high degree of concordance between 
real-time quantitative PGR and Southern blot analysis in terms of 
gene amplification, especially for samples with high copy numbers 
(>5-foId). The slightly higher frequency of gene amplification 
(especially ccndJ and erbB2) observed by means of real-time 
quantitative PGR as compared with Southem-blot analysis may be 
explained by the higher sensitivity of the former method. However, 
we cannot rule out the possibility thiat some tumors with a few extra 



gene copies observed in real-time PGR had additional copies of an 
arm or a whole chromosome (trisomy, tetrasomy or polysemy) 
rather than true gene amplification. These 2 types of genetic 
alteration (polysomy and gene amplification) could be easily 
distinguished in the fiiture by using an additional probe located on 
the same chromosome arm, but some distance from the target gene. 
It is noteworthy that high gene copy numbers have the greatest 
prognostic significance in breast carcinoma (Borg et ai, 1992; 
Slamone/fl/,, 1987). 

Finally^ this technique can be applied to the detection of gene 
deletion as well as gene amplification. Indeed, we found a 
decreased copy number of erbB2 (but not of the other 2 proto- 
oncogenes) in several tumors; erbBl is located in a chromosome 
region (17q21) reported to contain both deletions and amplifica- 
tions in breast cancer (Bieche and Lidereau, 1 995). 

In conclusion, gene amplification in various cancers can be used 
as a marker of pre-neoplasia, also for early diagnosis of cancer, 
staging, prognostication and choice of treatment. Southern blotting 
is not sufficiently sensitive, and FISH is lengthy and complex. 
Real-time quantitative PGR overcomes both these limitations, and 
is a sensitive and accurate method of analyzing large numbers of 
samples in a short lime. It should find a place in routine clinical 
gene dosage. 
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